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ABSTRACT

Recent reports have demonstrated that genetically variant peptides derived from human hair shaft
proteins can be used to differentiate individuals of different biogeographic origin. We report a
method involving direct extraction of hair shaft proteins more sensitive than previously
published methods regarding GVP detection. It involves one-step for protein extraction and was
found to provide reproducible results. A detailed proteomic analysis of this data is presented that
led to the following four results: 1) A peptide spectral library was created and made available for
download. It contains all identified peptides from this work, including GVPs that, when
appropriately expanded with diverse hair-derived peptides, can provide a routine, reliable and
sensitive means of analyzing hair digests; 2) An analysis of artifact peptides arising from side
reactions is also made using a new method for finding unexpected modifications; 3) Detailed
analysis of the gel-based method employed clearly shows the high degree of crosslinking or
protein association involved in hair digestion, with major GVPs eluting over a wide range of
high molecular weights while others apparently arise from distinct non-crosslinked proteins; 4)
Finally, we show that some of the specific GVP identifications depend on the sample preparation

method.
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In recent publications from Lawrence Livermore National Laboratory (LLNL), genetically
variant peptides (GVPs) derived from human hair have been shown to have forensic value (1,2).
The publication (1) by Parker et al. showed that these peptides might serve as a source of
evidence in addition to DNA for human identification due to several advantages that a hair
sample carries: 1) commonly found — on average, humans shed 50 — 150 hairs per day; 2) stable
— proteins in a hair sample usually last longer and are more resistant to degradation than DNA; 3)
when good quality DNA is not available, hair proteins may serve as alternative evidence by
detecting those GVPs in hair cuticular keratins and other hair proteins. A recent publication (2)
by Mason et al. described protein-based or GVP-based human identification from a single hair as
short as 1 inch-long. Another recent publication (3) by Carlson et al. described a sensitive
method to extract proteins from 1-millimeter or less in total length of human anagen head hairs,
and compared the proteins identified from hair shaft and hair root. The effectiveness of this

method for detecting GVPs has not yet been determined.

The human hair shaft is made up of three main components (4). Starting from the center, the first
component is the medulla which is rich in cross-links and highly insoluble. Next is the cortex
which comprises most of the hair shaft and is made up of hair cuticular keratin fibrils as well as
keratin-associated proteins. The thin outer layer is the cuticle which is also composed of keratin-
associated proteins and is the component that would be visually inspected through microscopic
examination. Hair cuticular keratins have been classified as type I (31-38) and type II (81-86)
based on the finding that type I keratins are acidic and type II keratins are neutral or basic
proteins (5,6). Two recent publications (1, 2) from LLNL have collectively identified a total of

88 GVP sites from multiple donors with bulk of hair samples: 32 sites from hair cuticular
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keratins, 7 sites from cytoskeletal keratins, 22 sites from keratin associated proteins, and 27 sites

from non-keratins.

Based on these findings, a human hair sample has the potential to serve as alternative evidence
for human identification if GVPs in hair keratins (mainly cuticular keratins), keratin associated
proteins and other non-keratin hair proteins can be sensitively and reliably identified. To detect
them, we first need an efficient method to extract proteins from human hair shafts. However, hair
protein extraction is especially difficult due to extensive cross-linking and poor solubility of hair
keratins (7,8,9). In this manuscript, we describe a direct protein extraction method (referred as
the Direct method) that can efficiently extract hair proteins from a single hair shaft less than 1
cm in length. We performed GVP panel analyses and examined experimentally-introduced
artifactual modifications among three methods: our newly developed Direct method and two of
previously published methods — NaOH-based SDS repeated extraction method (we modified it to
make it fit in small sample analysis, referred as modified NaOH+SDS method) (8) and
ProteaseMax-based method (referred as Cleavable Surfactant method) (1,2). Considering the
Direct method and modified NaOH+SDS method both utilize protein gel electrophoresis to
separate extracted proteins, we made further comparisons between these two in-gel methods for
sensitivity and reproducibility. We find that the Direct method is both sensitive and relatively
convenient to carry out while generating reproducible results regarding to GVP detection from a
single hair shaft from one individual donor. In the analysis of this data, we applied a number of
proteomic data analysis methods including: 1) The development of a library of peptide ion
spectra containing all identified peptides that, when extended, can contain all identifiable
peptides from hair proteins. Spectral libraries provide a sensitive and reliable means of peptide

identification and ultimately can contain spectra of all known GVPs. 2) Proteomic analysis that
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enable the detailed analysis of artifact peptides, generated by undesirable chemical analysis
which can, in principle, lead to false positive analysis. 3) A gel-based method of analysis that
reveals a wide distribution of molecular weights of proteins yielding keratin-based GVPs. 4) The
finding that different digestion methods can identify different GVPs, suggesting the inadequacy

of any current method of finding all potentially identifiable GVPs in a hair sample.

Materials and Methods

Human Hair Sample Preparation

Human hair samples were obtained commercially from BioreclamationIVT (LOT#
BRH1363732, 5g of hair shaft per package from the same individual donor). Most of the results
presented in this manuscript are derived from hair shafts from this single randomly selected
donor: Asian male, 30 years old. Hair samples were briefly washed with 20% methanol and
water, then dried and stored at -20°C. The related protocols have been reviewed and approved by

National Institute of Standards and Technology (NIST) Human Subjects Review Board.

Direct Extraction Method

Hair shaft samples (5cm, 2.5cm, or 1ecm) were cut using sterile laboratory scissors and then
combined with 50 ul of the commercially obtained NuPAGE Lithium dodecyl sulfate (LDS)
Sample Buffer (Catalog # NP0007, ThermoFisher Scientific) and 50 mmol/L reducing agent
dithiothreitol (DTT). After heating the hair shaft in sample buffer at 90 °C for various lengths of
time, extracted hair proteins (we call this the Direct method) were loaded onto NuPAGE 4-12%
Bis-Tris Protein Gels (Catalog # NP0321, ThermoFisher Scientific) and then separated by size
together with a Molecular Weight (MW) Standard (MW std) using sodium dodecyl sulfate -

Polyacrylamide Gel Electrophoresis (SDS-PAGE) at 200 V for 30 minutes. The protein gel was
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stained with SimplyBlue SafeStain (Catalog # LC6060, ThermoFisher Scientific) for one hour.
After overnight immersion in water, the destained-protein-containing gel was scanned, and
intensities of the main bands were determined. From top to bottom, the gel was evenly cut in 10
fractions (about 4 mm-long per fraction) and in-gel-digestion was performed for each fraction by
following a well-established in-gel-digestion protocol (10). Peptide concentrations were
measured by a kit provided by Pierce (Quantitative Colorimetric Peptide Assay Kit, Catalog #
23275) after desalting by ZipTip (Catalog # ZTC18S960, EMD Millipore Corporation). Desalted
peptides were injected to a Thermo Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer
for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. A simplified Direct

method workflow is shown in Supplementary Document S1.

We performed a time course study to determine the optimal heating time for extracting hair
proteins by this Direct method using six individual 5 cm-long hair shafts with each one
processed at a different incubation time in the same amount of sample buffer (Fig. 1). The six
different incubation times were: 5, 10, 15, 30, 60 and 90 min with net peptide yields measured by
combining all ten fractions. The largest yield of peptides was found to occur at 30 minutes and
was selected as the optimal incubation time. Note that the LDS sample buffer was unchanged at
a pH of 8.5 through all incubation times. As Fig. 1A shows, we observed two distinct bands: the
first was found to be enriched in type II (basic) hair cuticular keratins (Gene Name: KRT&81 to
86, # Amino Acids: 486 to 600, MW 53.5 to 64.8), and the second enriched in type I (acidic) hair
cuticular keratins (Gene Name: KRT31 to 38, # Amino Acids: 404 to 467, MW 45.9 to 52.2) (8).
The orange thin lines in Fig. 1A also indicate an even fractionation of the gel in 10 slices per lane
from top to bottom as F1 to F10. Fraction 6 (F6) contains the first main band which enriches type

IT cuticular keratins and fraction 7 (F7) contains the second main band which enriches type I
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cuticular keratins (discussion of this observation can be found in the Results and Discussion
section). Fig. 1B shows the density reports of type I and type II bands at each time interval,
reaching a maximum at 30 min (Fig. 1B), consistent with the time for maximum peptide yield
described above. Fig. 1C shows the density ratios of all ten fractions obtained at 30 min, using
F1 as the reference. The maximum is at F6, which is used as a keratin-enriched representative
fraction. Fig. 1C indicates that the gel-based method both concentrates known GVP-rich keratin

proteins and shows the hitherto unknown distribution of apparently crosslinked proteins.

We note that additional studies are needed to understand both the effect of heating and the

influence of cysteine alkylation and other chemical processing details on peptide yields.

Modified NaOH-based SDS Repeated Extraction Method

To examine our newly developed Direct method, we compared it to a previously published
NaOH-based SDS repeated extraction method (8). We modified the published protocol to fit the
purpose of protein extraction from a single hair shaft. The modified work flow was performed as
follows (also illustrated in Supplementary Document S1): 1) first, we used bead milling for
sample preparation instead of incubation with lysis buffer: 5 cm-long hair shafts are ground by a
bead mill (OMNI Bead Ruptor 24 Elite, OMNI-International Inc.) repeatedly (3 cycles, 30
second grinding at the speed of 5 m/s and 30 second dwell); 2) next, ground hair samples are
incubated with a NaOH-based lysis buffer that contains SDS and beta-mercaptoethanol (BME)
for three cycles according to published (8) protocol and in each cycle, the hair residue is recycled
through the process with bead milling; 3) pooled supernatant containing hair proteins are
precipitated with acetone; 4) pellets from protein precipitation and leftover hair debris are

combined for downstream SDS-PAGE; 5) in-gel-digestion was used to generate peptides.
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Hair Peptide Mass Spectral Library Construction Including Published GVPs

Using the mass spectral library construction pipeline described in the literature (11), the raw
mass spectral data files generated in the present studies were used to construct a hair-specific
peptide mass spectral library. This relatively small library contains 6280 spectra (6280 peptide
ions of 4343 distinct peptides, higher-energy collisional dissociation (HCD) =30eV), and among
these — a total of 3754 spectra (3754 peptide ions of 2240 distinct peptides, HCD=30eV) arose
from hair keratins or keratin associated proteins - using the National Center for Biotechnology
Information (NCBI, downloaded March 2017) human protein FASTA file with 20,183 sequences
plus additional 51 published GVP sequences (1). This provides a sequence coverage of hair
cuticular keratins of about 70%. Of these spectra, 40 mass spectra are identified as GVP ions
which cover 14 published GVP sites (a subset of total 88 published GVPs): 10 sites from hair
cuticular keratins, 1 site from a keratin-associated protein, and 3 sites from non-keratin proteins.
Detailed information can be found in the Results and Discussion section where we discuss GVP

panel analysis.

Spectrum Library Searching

Freely available MSPepSearch software (peptide.nist.gov) (11) was used to perform mass
spectral library searching using a precursor ion tolerance of 20 ppm (ppm was defined as parts
per million) and fragment ion tolerance of 50 ppm. Label-free HCD human tryptic peptide
spectral libraries (version September 23, 2016 contains 1,127,970 spectra, indicated as ‘main’
library) are available online (peptide.nist.gov) (12). A hair specific peptide spectral library
(indicated as ‘hair’ library) (13) was created from 90 raw mass spectral data files generated
during method development of processing 16 five cm-long hair shafts of this same individual

Asian donor. Surprisingly, 40% of peptides contained in this ‘hair’ library were not present in the
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‘main’ library even though it was constructed from a wide range of publicly available data files.
Clearly hair was not a common protein-containing material in these studies. This ‘hair’ library
was used in combination with the ‘main’ library for mass spectrum library searching. The 1%
false discovery rate (FDR) level was determined by using the target-decoy method described in
the literature (14,15). The NIST formatted mass spectral libraries were built using the program
Lib2NIST freely available online at chemdata.nist.gov. This library and associated software are

freely available online (13).

Sequence Database Searching

We used the Sequest (16) HT search node implemented in Proteome Discoverer (PD) 2.1 for
initial peptide identification prior to entry into a library and comparison the results of spectral
library searching. Mass tolerance settings were the same as in the library searches. The top
scoring peptide identification was selected, and FDR level was set at 1% using the same FASTA

file described above.

Proteomics Methods

GVP and its non-variant form designation: In this work, GVPs are tryptic peptides that are
represented first by their Gene Name followed by the site of the amino acid substitution. For
example, “DSP R1783Q _Q” indicates the tryptic peptide derived from Desmoplakin (GN=GSP)
containing “Q” at position 1783. The corresponding non-variant form is “DSP R1738Q R”
where “R” is in place of “Q”. The term “GVP ion” refers to not only tryptic peptide sequence,
but also charge state and possible modifications. Peptides observed in different charge states or
modifications are treated as different peptide ions. The most abundant form of a peptide ion is

used to measure its intensity.
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LC-MS/MS parameters: Digests were analyzed on an Eksigent Classic 2D Nano LC with an
Acclaim PepMap RSLC column (75 um x 15 cm, C18, 2 pm, 100 A) with a nanospray source
connected to a Thermo Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer in the positive
ion mode. Mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted
of 0.1% formic acid in Acetonitrile. The peptides were eluted by increasing mobile phase B
from 1% to 90% over 200 minutes. Data was collected using a data dependent mode with a
dynamic exclusion of 20 seconds. The top 10 most abundant precursor ions were selected from a
350-1600 m/z full scan for fragmentation. The resolution of full MS scan was set at 120,000 and
the resolution of MS/MS scan was set at 30,000. In future work, we plan to perform a 2D-LC

study to find more trace ions.

Modifications included in hair library are: (1) fixed carbamidomethyl (CAM) at Cysteine (C); (2)
oxidation at Methionine (M); (3) acetylation (Acetyl) at peptide N-terminus; (4) acetaldehyde at
peptide N-terminus; (5) Gln->pyro-Glu at Glutamine (Q) at peptide N-terminus; (6) Glu->pyro-
Glu at Glutamic Acid (E) at peptide N-terminus. Other less abundant modifications may be
added to future versions of the library, although these may be depended on the specific chemical

processing involved in the digestion.

Incomplete digestion in proteomics: The inability to digest substantial portions of the proteome
is common for the proteomics of biological material. Here are some examples: 1) In reference 8,
the reference for the original NaOH+SDS method, hair pellets were simply discarded after
incubation with lysis buffer containing NaOH-+SDS; 2) In reference 9, scanning electron
microscope images as Fig. 2 to show remaining undigested hair after extraction with SDS or with

urea. In case 1 and 2, substantial portions of the hair undigested although it is method dependent;

3) In reference 17, heavy-isotope-labeled proteins were used to compare peptide recovery

9

Journal of Forensic Sciences



oNOYTULT D WN =

Journal of Forensic Sciences Page 10 of 134

between laboratories and results showed that the digestion step was the greatest source of
inconsistent recovery (median loss of 70%). These examples demonstrate that significant levels

of incomplete digestion are expected in the proteomics of biological materials.

Results and Discussion

Identification of Hair Proteome including Cuticular Keratins by Direct Extraction Method

We examined overall protein and peptide identifications from all ten gel fractions and compared
our library search results to the results from sequence (Sequest) searches. When searching
spectral libraries, we added the ‘hair’ specific mass spectral library to our ‘main’ library (12,13)
to obtain better search performance. The next A and B sub-sections discuss these results and
demonstrate the effectiveness of spectral library searching for peptide identification. In sub-
section C, we examine GVP detection with library searching in all ten fractions and compare the

GVP panel analysis by the Direct method to the other two published methods (1,8).

A. Overall Gel Identification

Results for hair proteins extracted from a single 5 cm-long hair by the Direct method are
presented in Table 1. They were derived from one raw MS data file for each of the ten gel
fractions. All were independently analyzed to determine details of the gel separation and

digestion process.

Using both spectral library and Sequest searching methods, results derived from F1 to F10 are
compared in Table 1. As shown in Table 1, when the ‘main’ library was combined with the ‘hair’
library for spectral library searching, the overall library identification for proteins - for both hair

proteome (7,9) and hair cuticular keratins (a major subset of the hair proteome) (1,8) was similar
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to that from Sequest, however for all peptides identified, the spectral library method was

somewhat more sensitive at a given FDR level, consistent with previous observations (14).

oNOYTULT D WN =

9 Hair cuticular keratins are major components of hair proteome. Table 2 examined the sequence
11 coverage of listed total 15 hair cuticular keratins of type I and type II by library and Sequest

13 searches from all ten fractions. Peptides present in multiple proteins were used in calculating the
sequence coverage of each protein. Since we are interested in GVPs, of course the better

18 coverage, the greater the chance of detecting potential GVP sites. In general, library searching
20 provides a fuller coverage than database searching, although except for the most abundant
KRT31, some of these coverages are far less than 100%. There are several possible reasons for
25 this: 1) cross-linking makes certain sites hard to reach by trypsin during the digestion; 2)

27 extremely long (> 50) or short (< 6) peptides were not considered under the current search
parameters; 3) loss of extremely hydrophilic or hydrophobic peptides occurs during sample

32 preparation and LC analysis. 4) Incomplete conversion of proteins to peptides is common

34 throughout proteomics, and according to reference 18, an approximately 70-80% of recovery is
36 expected after extraction from the gel. Putting all ten fractions together, 8 out of 15 hair cuticular
keratins reach more than 90% coverage, 5 out of the rest 7 reach more than 50%, and only 2 less
41 than 50% (KRT37 and KRT84). Supplementary Document S2 shows sequence coverage in

43 amino acids of 15 type I and type II hair cuticular keratins found by library and Sequest searches.
46 B. Major and Minor Gel Band Identification

49 We observed two distinct gel bands in fractions 6 and 7 (Fig. 1). The other fractions had several
minor bands but most of the intensity was evenly distributed (Fig. 1C). Results are discussed

54 below.
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Fig. 2 shows the intensities over the fractions for selected peptides from type I (A) or type II (B)
hair cuticular keratin. In both cases, both the GVP and non-variant form are shown along with
another major peptide from each protein. The abundance of each peptide derived from its MS1
ion chromatogram peak area. These results indicate: 1) the major gel bands correspond to type I
(fraction 7) and type II (fraction 6) hair cuticular keratins, consistent with literature (8) reports.
Fractions 6 (type II) and 7 (type 1) are enriched in individual hair cuticular keratins; 2) it is
noteworthy that most peptides identified outside the main regions were the same as those inside
that region. This behavior persisted in all analyses. This is presumably due to presence of
significant quantities of cross-linked proteins or unseparated complexes with higher molecular
weight with lower mobilities as well as fragments of these proteins at lower molecular weights
with higher mobilities. We find that keratin GVPs are found in virtually all gel fractions
suggesting that they distributed among a wide range of crosslinked proteins, suggests that the
insoluble, crosslinked portion of the hair protein may not contain additional keratin-GVP

1dentifications. According to reference 7, the insoluble, crosslinked portion has a higher content

of non-keratin proteins and may contain additional non-keratin-GVP identifications. Further, we

know of no way to enhance the method’s digestion effectiveness, though such an improvement

would be very welcome.

Note that in Table 1, fractions 6 and 7 show the highest peptide signal strengths but lowest
numbers of peptide identifications (IDs). This is confirmed in Fig. 3, where the total ion currents
(TICs) are inversely correlated with peptide IDs with a correlation coefficient of -0.75. This is a
consequence of the higher concentrations of relatively a few proteins dominating fractions 6
(type II) and 7 (type I), which leads to higher concentrations of their tryptic peptides with

consequent signal suppression of peptides from other, less abundant proteins. In other fractions,
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no individual proteins dominate, so tryptic peptides are more equally spread across a larger
number of proteins, though many of them are crosslinked, fragmented or otherwise modified.
Supplementary Table S1 shows when moving along the gel fractions from F1 to F10, the
example big protein (Desmoplakin) decreases and the example small protein (a Keratin-

associated protein) increases.

The major advantage of gel fractioning is that it separates the proteins by molecular weight,
thereby showing more clearly the origin in individual GVPs. It can also minimize ion
suppression leading to the identification of additional GVPs. Unfortunately, this approach is
time-consuming. Our attempts to combine fractions led to loss of potential GVPs (see section C).
Identifications of all GVPs in a single digest analysis is apparently not possible at present

(discussed below). Finding optimal methods will be the topic of future research.

C. GVP Panel Analyses in All Ten Fractions and Among Three Methods

As described in the Method section, we identified a total of 14 published tryptic GVP sites from
this Asian donor’s hair samples. These sequences along with corresponding non-variant
sequences, are listed in Supplementary Document S3. Table 3 shows the specific GVP
identification for the three methods with three replicate runs for each method, namely: our Direct
method, the modified NaOH+SDS method (8), and the Cleavable Surfactant method (1,2). For
both the Direct method and modified NaOH+SDS method, GVP panel results from different
fractions are combined in Table 3. Supplementary Document S3 uses the results from F1 to F10
as an example to illustrate how we performed this analysis for a complete data set by the Direct

method. Analysis led to a number of general findings:

13
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1) For high-abundance GVPs from major keratins, as shown in Fig. 2A or 2B, identifications are
easily made. Scores are high [MF: 792 - 942], leading to highly confident identifications (14),
retention times are reproducible (Supplementary Document S3), and identifications are made in

all gel fractions for both the GVP and its non-variant form.

2) For low-abundance GVPs, mostly arising from less abundant proteins, identifications can be
harder to assign, possibly involving lower and variable scores. Confidence can be increased by
elution in the expected gel fraction as well as the determination of its non-variant form
(sometimes this is made more difficult if GVP site involves a tryptic cleave site at R or K). This
is illustrated with two examples:

(a) The GVP site ‘DSP_R1738Q_Q: G[Q]SEADSDKNATILELR’ (mutated site highlighted in
brackets), was identified in the top gel fractions (F1 and F2). This is consistent with its very large
precursor protein having 2871 residues, Desmoplakin (DSP). This is an example that R becomes
Q and we identified both GVP and its non-variant form in the expected gel fractions with
comparable intensity (Supplementary Document S3).

(b) Another GVP site ‘KRTAP10-8 H26R R: TYVIAASTMSVCSSDVG[R]’ originates from a
much smaller keratin-associated protein (KRTAP, 259 Amino Acids), and was recovered from
bottom gel fractions (F9 and F10). This is an example that H becomes R and we only identified
GVP but not its non-variant form. Such discrepancy happens because these are two different
peptides when GVP site involves R/K. To solve this problem, we would need to choose a
different digestion enzyme. Actual release rates for peptides in a protein are not easily predicted
and depend on multiple factors (19). So, it is hard to estimate the relative intensities of a GVP

and its non-variant if their lengths and possibly charge states are different.

14
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3) The specific GVP identification depends on the experiments, with a number of different GVPs

identified by the in-gel and in-solution digestion methods. Hence, false negative results appear to

oNOYTULT D WN =

be a significant concern with the present methods, especially for the in-solution method.

11 4) We note that the identification of both a GVP and its non-variant will significantly increase

13 the confidence of GVP identification. Of course, this is not possible if the source is homozygous
or when the non-variant form is not an easily detectable peptide (as may be the case where

18 tryptic cleavage sites are different in the GVP and non-variant form). In this work, the fact that
20 several potential GVPs were observed (Supplementary Document S3), but not at high confidence

(low abundance or matching score) reinforces the likelihood that they are not true GVPs.

Fractionating in the gel methods is part of a 2D study — the first dimension is separating hair

28 proteins based on the MW during SDS-PAGE, the second dimension is separating extracted

30 peptides by the LC gradient during LC-MS/MS. Analyzing each fraction enables very low

32 abundance GVPs to be identified. It is why we detect more GVPs from the two in-gel methods
than the in-solution method. However, we detect fewer GVPs if we combine these fractions and
37 process as a mixture (Table 3). We also tried a brief ‘short-gel’ run by applying SDS-PAGE at
39 200 V for only 10 min (long-gel: 30 min at 200 V). We compare the GVPs between long-gel and
short-gel runs and find that short-gel-mixture loses even more GVPs (Table 3). This can be

44 explained by hair proteins not being effectively separated in a shorter run or possibly that SDS
46 not being fully separated from proteins. In any case, this finding highlights the importance of
both separation and sensitivity in finding all identifiable GVPs in a sample. While running 10

51 fractions is very time-consuming, possible GVPs were lost (Table 3) upon combining fractions
53 indicates that more rapid analysis using a single LC-MS/MS run can lose less abundant GVPs.

35 Moreover, the finding that different GVPs are found with different digestion protocols implies

58 15
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that no existing method can be relied on to identify all possible GVPs. Together, this clearly
shows the need of future work for finding the most efficient way to maximize GVP

identification.

Comparison Between the Direct Method and modified NaOH+SDS Method

Since the Direct method and modified NaOH-+SDS method both use protein gel to separate hair
proteins, for a direct comparison, we compared the Direct method with modified NaOH-+SDS

method for a further sensitivity and reproducibility check in this section.

A. Sensitivity

We examine the sensitivity of the Direct method to modified NaOH+SDS method by comparing
multiple metrics across a dilution series. In Figure 4, we show the relative sensitivity of the two
methods by comparing the degree of dilution needed for each method to yield the similar number
of IDs. After comparing total number of ions (Fig. 4A), total number of peptides (Fig. 4B), total
number of proteins (Fig. 4C), and total number of GVP ions (Fig. 4D), we found that the Direct
method was about eight times more sensitive than modified NaOH+SDS method. The non-
monotonic behavior of some of the irregular trends is a consequence of results from the general
difficulty in obtaining highly reproducible proteomic results and, for GVPs, their small numbers
and therefore greater statistical fluctuation. Note that since the GVPs are few in number and
variable in intensity we could not reliably use GVPs alone to develop a reliable measure of
method sensitivity based on their identifications alone. This was confirmed in a separate set of
analyses: for example, GVP ions increased at 10D and then all the way decreased to minimum

detection level at 1280D.
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The present Direct method is both suitable for very small hair samples, and able to identify GVP
ions across a broad range of ion intensity. Intensities of reliably identified GVP ions could differ
by orders of magnitude in ion intensity. Fig. 5 illustrates this for two spectra of the same GVP
ion ‘QVVSSSEQLQSYQ[V]EIIELR/3_0’. Even though intensities differ by four orders of
magnitude, retention times were almost identical (161.7 min vs. 161.5 min) and spectral library

match factors were quite high (over 800).

B. Reproducibility

In an examination of the reproducibility of the present method, the extraction was repeated eight
times using eight individual 5 cm-long hair shafts (labeled as A to H in Fig. 6A) from the same
donor, and particularly compared it to modified NaOH+SDS method (labeled as 1A to 1H in Fig.
6B, plus the last lane from 10 hairs included as a reference). We made the assumption that each
individual 5 cm hair shaft contained the same protein mass. Fig. 6 clearly indicates that the
Direct method is more reproducible than modified NaOH+SDS method. This presumably arises
from lower sample loss for the Direct method since it only needs one-step/30 min for hair protein
extraction, while the multiple-steps (also means much longer bench time) included in modified
NaOH+SDS method are more prone to sample loss and generating variable results (workflows of

the two methods are shown in S1) especially when the hair sample is very small.

We also compared the protein, peptide, and GVP identifications between the Direct method and
modified NaOH+SDS method with analysis repeated three times for each method. Results of
comparisons from a representative fraction (F6) are listed in Table 4 with three experimental
repeats: 1) higher average peptide yield (ng) was obtained in the Direct method than in the
modified NaOH+SDS method (11.5 vs. 2.9 ug); 2) more average peptides were identified by the

Direct method than by the modified NaOH+SDS method (610 vs. 509); 3) although similar

17
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average number of GVP ions was observed in the Direct and modified NaOH+SDS methods, it
is more reproducible with much smaller coefficient of variation (CV) in three experimental
repeats in the Direct method (0.02 vs. 0.27 , respectively); 4) gel blank - only a few peptide IDs
from gel blank and no GVP identification at all. Gel blank serves as a control to see if we
introduce any contamination from handling the blank gel alone. Table 4 shows that the Direct
method is not only a more sensitive, but also a more reproducible method when compared to the

modified NaOH+SDS method.

Estimation of the digestion yield: The gel-based method we chose for analysis unfortunately did
not allow us to use a conventional Bradford colorimetric (BCA) assay to measure protein
concentration. Instead, yields of digested peptides using the Pierce method mentioned above
served a similar, albeit less direct purpose. Based on a measured 5 cm hair mass of 100 ug (10 5-
cm lengths were found to weigh 1.0 mg), we found that at the incubation time of 5, 10, 15, 30, 60
and 90 minutes, corresponding total yields of peptides to be 16%, 27%, 37%, 75%, 66% and
51%. The maximum of 75% at 30 min was selected as optimal (see above). For comparison, a
yield of 47% was reported for an in-solution method (8) using BCA assay after precipitating

extracted proteins.

Examination of Artifacts Among Three Methods

In most proteomics experiments, a large fraction of ions sampled are not identified. This not only
reduces the efficiency of the experiment but also has potential to generate false positive results.
Moreover, the identity of the unidentified ions may aid in understanding and optimizing the

experiment and provide a measure of quality control.

18
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1

2

2 In the present experiment almost 90% of ions are not directly identified as tryptic peptides using
5 . . . . . .

6 conventional library searching. Using our recently developed hybrid search (15), as shown in

7

8 Supplementary Table S2, 11% can be identified as expected tryptic peptides, while about 75%

9

1(1) can be identified via hybrid identification. These hybrid identifications find peptides that are

:g chemically modified forms of conventional tryptic peptides. The reason we would like to

14

15 examine experimentally introduced artifacts is because we must be aware of artifactual

16

17 modifications that may masquerade as a GVP and therefore generate false positive

18

;g identifications, the larger the number of spurious modifications the greater the chance that one
21

22 will accidentally overlap a possible GVP. Proteomics cannot distinguish biological versus

23

24 artifact origins of identified peptides. For example, a methylation at or near a serine might be

25

;? interpreted as a serine to threonine GVP. lonPlot in Fig. 7 shows the classification of ions (GVP,
28 . . . . . . . .

29 Identified, and not-identified ions from F6 of the Direct method) by the hybrid search including a
30

31 list of several interesting modifications that we would like to discuss more in this section. These
32

gi analyses also show the nature and extent of certain spurious chemical processes that add to

22 sample complexity and, in effect, diminish the sensitivity and overall quality of the experiment.
37

gg Since this issue is important for every sample preparation method regarding to GVP detection,
40

41 below we examine the artifacts among the three methods: our Direct method, modified

42

43 NaOH+SDS method, and Cleavable Surfactant method.

44

45

46 Table 5 compares the twenty most frequently identified DeltaMass values in three methods (15).
47

jg For more information, Supplementary Document S4 shows the histograms of all DeltaMass

50 . . . . . . . .

51 values obtained from hybrid search identifications in each method to give a broad view of the

52

53 distribution of all DeltaMass values. From the top 20 DeltaMass values listed in Table 5, we now
54

gg further discuss four types of experimentally introduced artifactual modifications (Fig. 8).

57
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Acetaldehyde adduction. We compared the occurrence of an acetaldehyde adduct across the
three methods. Fig. 8 shows that this artifactual modification is more frequently identified in the
Direct and modified NaOH+SDS methods due to the presence of ethanol in the SimplyBlue
SafeStain that we used to stain the protein gels. We here included an example in Fig. 9 to show
our main concern — a modification at peptide’s N-terminus could be mistaken as a potential
GVP: the DeltaMass value from the hybrid search for this hybrid identification is 26.0186 Da,
within the mass tolerance range, which is likely due to acetaldehyde (26.01565 Da) but may be
incorrectly identified as His (H) —Tyr (Y) (26.004417 Da) since His (H) is involved in the
identification at the first amino acid in this peptide ion. Without the hybrid search, or without

being aware of what type of artifactual modification exists, such a mis-identification will occur.

Acetylation. While acetylation at Lys (K) and the protein amino terminus are biological
modifications, artifactual acetylation at the peptide N-terminus can be introduced during sample
preparation. Although the source of acetic acid is not believed to have been introduced through
sample preparation, this artifactual modification was identified more frequently in the Direct and

modified NaOH+SDS methods.

Formylation. Formylation is less dissimilar across all three methods than that of the previous
described two modifications. This is expected as formic acid is required in all three sample

preparations.

Alkylation. Alkylation (CAM) is significantly greater in the Cleavable Surfactant method
compared to the Direct and modified NaOH+SDS methods. This is consistent with the fact that
iodoacetamide concentration we used in sample preparation of Cleavable Surfactant method is

much higher than in the Direct and modified NaOH+SDS methods.

20
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1

2

2 Table 5 and Supplementary Document S4 show that, overall, results of the three methods have

6 similar degrees of experimentally introduced modifications. It seems likely that the artefactual

7

8 modifications are a result of the inherent difficulty of digestion such an insoluble and crosslinked
9

1(1) material as hair.

12

13 Regarding to GVP panel analysis, we find consistent results in regular and hybrid searches.

14

12 Hybrid searching usually reports more GVP ions with many kinds of unexpected modifications
17

18 but seems not gaining additional known GVP site detection. Verified GVP detection by the

19

20 hybrid search (not only seeing the version that included in the library but also seeing the versions
21

;g with some unexpected modifications) increases the confidence of GVP panel analysis.

24

;2 Identification of Hair Proteome and Cuticular Keratins from as Little as 1 cm-long Human Hair
27

28 Shaft by Direct Extraction Method

29

30 . . . . .

31 So far, the data we presented in this manuscript used 5 cm-long hair shafts as the starting

32

33 material. While we learned about the sensitivity of the Direct method with the serial dilution

34

22 study, we also wanted to check results using smaller lengths of hair. As the dilution series was a
2573 projection for low amounts based on similar extraction efficiencies for smaller lengths, one may
39

40 expect further losses due to possible inefficiencies in digesting small lengths of hair. For this

41

42 purpose, we undertook a series of studies where hair shaft varied from 5, 2.5, and 1 cm-long. Fig.
43

j;' 10A shows the separation of hair proteins by SDS-PAGE for three different hair lengths and

46

47 Table 6 lists the total number of hair proteins and peptides identified as well as those that are

48

49 specific for hair cuticular keratins and GVP ions. Fig. 10B shows the analysis of an example

50

g; GVP ion whose abundance is almost linear in 5, 2.5, and 1 cm hair shaft samples to demonstrate
53 . . . .

54 the abundance is proportional to length. These results show that as little as 1 cm-long hair shaft
55

56 sample can be analyzed by this Direct method. There is no reason to believe it would not work
57
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effectively for even smaller amounts of hair, suggesting that even forensic-relevant trace

quantities of hair would be suitable for this analytical method.

Examination of the Direct Method in Another Donor

To ensure that these results were not unique to one donor, we applied the Direct method to
another randomly selected donor’s hair shaft samples obtained from BioreclamationIVT (LOT#
BRH1363733, 5 g of hair shafts from a Caucasian male, 23 years old). Table 7 lists the total
number of hair proteins and peptides identified as well as those from hair cuticular keratins and
GVP ions. These results demonstrate that the Direct method works equally well for another
donor’s hair samples. The overall protein gel images, the peptide yields from in-gel-digestions,
the hair keratins and their peptide identifications, and the number of found GVP ions are similar.
Most of high abundance GVPs in this Caucasian donor overlap with previous described Asian
donor in the GVP panel analysis. This manuscript is focused on the protein and peptide
extraction from single hair shaft, that is the reason why we use hair samples from the same Asian
donor for the development of protein extraction method. We believe our Direct method would
work effectively for hair samples from any individual donor. These studies did not consider
donors who heated or chemically treated their hair — this would be a useful topic for future
research. The focus of this paper was only analytical methods and detailed proteomic analysis.

Variations with hair origin will be the topic of future studies using the methods described here.

Summary and Conclusions

In summary, we have shown that the Direct extraction method is a sensitive, reliable, and
relatively convenient method based on the depth of coverage of the human hair proteome and

cuticular keratins: 1) It is a relatively sensitive method: it works for a hair shaft as short as 1 cm;

22
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1

2

2 2) It is a relatively reliable method: it generates more consistent results in protein/peptide

6 identification and GVP detection; 3) It is a relatively convenient method: it is simple to carry out
7

8 since there is only one-step in protein extraction from hair, although to assure maximum GVP

9

1(1) identification, it does require multiple LC-MS/MS runs.

12

1 i Using our recently developed ‘hybrid’ spectral library search method, we have found that a very
12 large fraction of the peptide spectra acquired were not simple tryptic peptides derived from

17

18 known proteins. A conventional library search can identify only 11% of the peptides, who the
19

20 hybrid search identifies 75%, including any previously unidentified GVPs (as our future work).
21

;g We have also shown that the hybrid search, could be used to identify potential sources of false
24

25 positives due to the presence of artifactual modifications that are experimentally introduced.

26

27 Modifications that could be mistaken as a GVP should be the primary concern and a separated
28

gg examination of artefactual modifications is needed. In difficult cases, a more careful manual

31 .

32 checking of GVP spectra may also be needed.

33

gg Although we recommend the Direct method because of several advantages we described earlier,
36

37 we also realize different methods may be most suitable for different GVP panel analysis. Each
38

39 method will have its own strength and weakness. Unless we combine the results from all three
40

2; tested methods, no single method covered all the identified published GVP sites in this study.
43

44 This is largely because of the nature of the hair samples — heavy crosslinking makes hair

45

46 mechanically strong and stable, but also very resistant to sample processing.

47

48

49 We have also shown that a GVP analysis can effectively done using a peptide spectral library
50

g ; containing all identifiable peptides derived from human hair samples. With this paper we provide
53 . .. . . . . . . .1

54 a library containing all identified hair derived peptides (13). Future expansion of this library can
55

56 include all known GVPs as well as all identifiable peptides derived from human hair. Further, it
57
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may be combined with the NIST-developed label-free HCD main peptide library
(peptide.nist.gov) (12) to provide another layer of sensitivity and confidence for hair peptide

identification and GVP detection.

Supporting Information

Supplementary Table S1. Example of a Big Protein and a Small Protein Amount Change in Ten
Gel Fractions by the Direct Method

Supplementary Table S2. Percentages of Hybrid IDs in All Ten Gel Fractions by the Direct Method
Supplementary Document S1. Outline of Protein Extraction Work Flows for Direct Method and
modified NaOH+SDS Method

Supplementary Document S2. Comparison of Sequences Coverage in Amino Acids of 15 type I

and type II hair cuticular keratins by library and Sequest searching

Supplementary Document S3. GVP Panel Analyses in All Ten Fractions by the Direct Method
Supplementary Document S4. Histograms of the Distribution of All DeltaMass Values in Three

Methods
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Table 1. Comparison of Protein and Peptide Identifications from Spectral Library and Sequest

14 Searching in All Ten Fractions at 1% FDR by the Direct Method from a 5 cm-long Hair Shaft*.

17 Main+Hair Spectral Library Sequest

. Yield : 3 B . B 3
18 Direct TIC Hair Proteome Cuticular Keratins Hair Proteome Cuticular Keratins

(ng)
19 Proteins | Peptides | Proteins | Peptides | Proteins | Peptides | Proteins | Peptides

21 F1 1.76 | 3.91E+06 148 2040 14 583 98 1128 14 471

22 F2 3.81 | 6.54E+06 140 1888 15 614 84 1052 14 503

23 F3 | 5.46 | 1.03E+07 | 132 1744 14 614 73 1022 14 525

25 F4 8.95 | 1.44E+07 134 1789 14 628 83 1045 13 526

26 F5 5.86 | 8.27E+06 152 1781 14 594 93 1061 14 513

27 F6 13.25 | 2.06E+07 135 1617 15 620 68 906 15 503

F7 10.92 | 2.31E+07 146 1607 13 623 76 933 14 538

30 F8 7.06 | 8.17E+06 207 2167 15 631 129 1290 15 521

31 F9 5.98 | 4.72E+06 214 2268 14 589 138 1346 13 463

F10 | 12.24 | 8.59E+06 173 1744 14 470 120 1079 13 347

34 *Proteins were identified by > 2 peptides throughout this manuscript. For peptide/protein

36 identifications (IDs) under ‘Hair Proteome’, Fraction 8 (F8) and 9 (F9) gave more IDs in both
38 spectral library and Sequest searches; for peptide/protein IDs under ‘Cuticular Keratins’, the
distribution of IDs was more even across all 10 gel fractions in both spectral library and Sequest

43 searches. TIC: an index of total ion current.
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Table 2. Comparison of Sequence Coverage (%) of Hair Cuticular Keratins from Spectral

Library and Sequest Searching in All Ten Fractions by the Direct Method.

Journal of Forensic Sciences

Cuticular From From
Keratins Library Sequest
KRT31 100.0 97.6
KRT32 54.2 49.6
KRT33A 97.0 93.3
KRT33B 97.0 93.6
KRT34 86.0 83.9
KRT35 91.0 86.4
KRT36 60.8 49.3
KRT37 43.0 34.7
KRT38 61.2 51.3
KRT81 96.2 91.9
KRT82 63.4 49.9
KRT83 97.0 87.2
KRT84 12.7 11.2
KRT85 96.8 89.4
KRT86 99.2 92.4
Average 77.0 70.8
28

Journal of Forensic Sciences

Page 28 of 134



Page 29 of 134 Journal of Forensic Sciences

1

2

i Table 3. Genetically Variant Peptide (GVP) Panel Analyses in Three Methods*.

5

6 DSP GSDMA KRT31 KRT32 KRT33A KRT33B KRT35 KRT35 KRT81 KRT82 KRT83 KRT83 KRTAP TGM3
7 10-8

8 ONESCMHAIR, ASIAN | R1738Q_  V128L_ A82V_ S222Y_ A270V_ V279L_ P443A_  S36P_ SI13R_  T458M_  G362S_  1279M_  H26R_  T13K_
9 Q L v Y v L A P R M S M R K
10 D_LG_F1_TO_F10_R1* X X X X X X X X
1 D_LG_F1_TO_F10_R2 X X X X X X X X X X
12 D_LG_F1_TO_F10_R3 X X X X X X X X X X X
13 D_LG_COMBINED_R1 X X X X X X X
14 D_LG_COMBINED_R2 X X X X X X X
1 2 D_LG_COMBINED_R3 X X X X X X
17 D_SG_COMBINED_R1 X X X X X X
18 D_SG_COMBINED_R2 X X X X X X
19 D_SG_COMBINED_R3 X X X X X X X
;? NS_LG_F1_TO_F10_R1 X X X X X X X X
2 NS_LG_F1_TO_F10_R2 X X X X X X
23 NS_LG_F1_TO_F10_R3 X X X X X X X X
24 Cs_R1 X X X X
;2 Cs_R2 X X X X X
57 Cs_R3 X X X
28 *all listed GVP analyses are derived from the same Asian donor’s single 5 cm-long hair samples: GVP panel analyses by the Direct
29

2(1) method with all 10 fractions from a long-gel (30 min run at 200 V) which have been individually processed by LC-MS/MS and then
32

33 summarized the results in one row are labeled as ‘D LG F1 TO_F10’; GVP panel analyses with combined fractions processed as a
34

35 mixture from a long-gel run by the Direct method are labeled as ‘D_ LG _COMBINED’; with combined fractions from a short-gel run
36

;73 (10 min run at 200 V) are labeled as ‘D_SG_COMBINED’; GVP panel analyses by the modified NaOH+SDS method with all 10

39

40

41

42

43 29
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fractions from a long-gel run individually processed and then summarized are labeled as ‘NS LG _F1_TO F10’; GVP panel analyses

by the Cleavable Surfactant method are labeled as ‘CS’. R1, R2, and R3 are three experiment repeats.

#results from F1 to F10 are listed in Supplementary Document S3, used as an example to demonstrate a GVP panel analysis from this

‘D LG F1 _TO F10 R1’ data set.
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Table 4. Examination of Reproducibility for the Direct Method and modified NaOH+SDS

method* from a Representative Gel Fraction (F6).

oNOYTULT D WN =

9 . Main+Hair Spectral Library
Methods Yield

10 . . Hair Proteome Cuticular Keratins GVP
(one 5 cm hair, Asian) (ug) ions

Proteins Peptides Proteins Peptides
Direct_R1 10.32 114 1427 14 593 43
14 Direct_R2 13.25 135 1617 15 620 44
15 Direct_R3 10.94 132 1725 14 618 45
16 NaOH+SDS_R1 3.36 101 1267 14 509 29
18 NaOH+SDS_R2 211 93 1178 14 497 51
19 NaOH+SDS_R3 3.32 83 1137 15 520 45
20 Blank Gel 0.04 6 17 2 7 0
*The result was obtained from fraction 6, a representative gel fraction. Three experimental

24 repeats: R1, R2, and R3.
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Table 5. The Twenty Most Frequently Identified DeltaMass Values Obtained from Hybrid

Journal of Forensic Sciences

Search Identifications in the Three Methods.

Page 32 of 134
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Theorical Percent of Hybrid Identifications
DeltaMass D\tl:l‘tl:l‘\e/I::s Proposed Modification Direct NaOH+SDS Cleavable
(Median) (Median) Surfac.tant
(Median)
1.001 1.00335483 1-C13 17.30 17.76 19.34
2.007 2.00670966 2-C13 6.73 8.82 6.71
42.013 42.010565 Acetyl 6.25 5.75 3.54
26.017 26.015650 Acetaldehyde 3.52 2.49 0.66
3.009 3.01006449 3-C13 3.59 4.96 3.55
27.999 27.994915 Formyl 1.87 3.03 1.57
14.018 14.015650 Methyl 3.08 2.60 1.12
-1.011 -1.00335483 -1-C13 2.31 3.05
-17.023 -17.026549 -NH3 1.62 1.51 2.38
70.007 70.005480 Formyl + Acetyl 0.89 1.28
4.009 4.01341932 4-C13 1.78 2.44 2.02
12.002 12.000000 Formaldehyde Adduct 1.45 1.20
43.014 43.005814 Carbamyl/Acetyl + 1-C13 1.48 1.07 0.70
-18.008 -18.010565 Dehydration/Glu—>pyro-Glu 1.34 1.35 2.01
-2.013 -2.00670966 -2-C13 1.36 1.58 1.43
23.986 23.98865266 Sodiated + 2C-13 1.17
57.023 57.021464 CAM 1.78 1.87 421
15.997 15.994915 Oxidation 1.08 1.28
120.028 120.024500 | Dpesulferization + CAM + DTT 0.95
58.010 58.005480 Deamidation + CAM 1.06 0.89 3.33
-91.009 -91.009185 Cys(CAM)->Dehydroalanine 0.82
-16.019 -16.0231942 1C-13 +-NH3 0.76 0.93
-0.983 -0.984016 Amidation 3.44
5.014 5.01677415 5-C13 0.69
160.041 | 160.030654 Add-Cys+CAM 1.25
31.995 31.989829 Dioxidation 1.78
152.003 151.996571 +DTT 0.86
32
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Table 6. Reduction of Starting Material to 1 cm-long Hair Shaft by the Direct Method*.

Journal of Forensic Sciences

Hair Main+Hair Spectral Library
Length Hair Proteome Cuticular Keratins GVP
(em) Proteins | Peptides | Proteins | Peptides | ions
5 135 1617 15 620 44
2.5 86 1203 14 563 40
1 78 1149 14 486 39

*The result was obtained from fraction 6, a representative gel fraction.
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Table 7. Comparison of Protein and Peptide Identification from a 5 cm-long Hair Shaft from

Asian and Caucasian Male Donor by the Direct Method*.

Main+Hair Spectral Library
Donor Yield (pg) Hair Proteome Cuticular Keratins GVP
Proteins Peptides Proteins Peptides ions
Asian 13.25 135 1617 15 620 44
Caucasian 8.48 92 1177 14 581 45

*The result was obtained from fraction 6, a representative gel fraction.
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Figure Legends

FIG. 1—Time Course Study to Optimize the Best Heating Condition of the Direct Method. A

oNOYTULT D WN =

9 time-course study was performed to find the optimal time that a 5 cm hair shaft sample need to
11 be heated at 90°C. (A) The scanned gel image included a MW standard loaded in the first lane
13 and six additional lanes where the samples were loaded on increasing length of time for which
they have been heated at 90°C (5, 10, 15, 30, 60, and 90 min). The major bands that correspond
18 to type I and type II hair cuticular keratins were labeled. The orange thin lines indicate

20 fractionating the gel to 10 slices from top to bottom as “F1” to “F10”. (B) The chart shows the
density reports of type I and type Il bands at each time interval. The density reports were

25 obtained from gel scanning. The best time point (30 min) is labeled in red based on giving the
27 maximum density reports for both type I and type Il bands at 30 min. (C) The chart shows the

density ratios of all 10 gel fractions obtained at 30 min, using fraction I as the reference.

32 FIG. 2—The Range of the Intensities of Example Peptide lons Across All Ten Fractions from the
Direct Method in Type I and Type Il Cuticular Keratins. (A) Type I cuticular keratin KRT33A:
37 The range of intensities of an example GVP peptide ion pair (KRT334 A270V_V:

39 QVVSSSEQLQOSYQ[V]EIIELR/3 0 (blue square linked by blue line) and KRT334 A270V _A:
QVVSSSEQLQOSYQ[AJEIIELR/3 0 (blue triangle linked by blue line)) as well as another peptide
44 ion (SOOQEPLVCASYQOSYFK/3 1/9, C, Carbamidomethyl (orange circle linked by orange

46 line)) whose sequence is unique to KRT33A but not containing a known GVP site across all 10
48 fractions. ‘KRT334 A270V A’ or ‘KRT33A4 A270V V'’ means the amino acid at position 270 of
51 KRT33A can be a ‘A’ (regular version in human FASTA file) or a ‘V’ (published variable

53 version). Dashed black line indicates these three peptide ions reach their maximum intensities at

35 Fraction 7. (B) Type II cuticular keratin KRT83: The range of intensities of an example GVP
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peptide ion pair (KRT83 1279M M

DLNMDC[M]VAEIK/2 3/4,M,Oxidation/6,C,Carbamidomethyl/7, M, Oxidation (blue square
linked by blue line) and KRT83 I1279M 1

DLNMDC[I]VAEIK/2 2/4,M,Oxidation/6,C,Carbamidomethyl (blue triangle linked by blue
line)) as well as another peptide ion

(LCEGVEAVNVCVSSSR/2 2/2,C,Carbamidomethyl/11,C,Carbamidomethyl (orange circle
linked by orange line)) whose sequence is unique to KRT83 but not containing a known GVP site
across all 10 fractions. ‘KRT83 1279M I’ or ‘KRT83 I1279M M’ means the amino acid at
position 279 of KRT83 can be an ‘I’ (regular version in human FASTA file) or a ‘M’ (published
variable version). Dashed black line indicates these three peptide ions reach their maximum

intensities at Fraction 6.

FIG. 3—The range of total ion current (TIC, upper panel) and peptide identifications (lower
panel) across all 10 fractions. Blue dashed lines indicate TIC values reach their maximum
numbers at Fractions 6 & 7, where peptide IDs reach their minimum numbers at Fractions 6 &

7.

FIG. 4—Comparison of the Sensitivity in the Two Methods. The sensitivity of the two methods
was measured by comparing multiple metrics across a dilution series from 5D to 1280D: (A) the
total number of ions, (B) the total number of peptides, (C) the total number of proteins; (D) the
total number of published GVP ions detected in mass spectral data from 5 cm-long hair shaft
sample derived proteins that were extracted using the Direct method (blue) and modified

NaOH+SDS method (green). Actual data has been labeled on the points of each dilution series.

FIG. 5—Identification of an Example GVP lon with High and Low Abundance. The example

GVP ions (KRT334 A270V _V: QVVSSSEQLQSYQ[V]EIIELR/3 0 higher-energy collisional
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dissociation (HCD) =30eV) were mapped to an lonPlot (x-axis: Retention Time (RT) in min, y-
axis: Abundance in log 10 scale) to show the library identification with high abundance (upper
blue dot) or with low abundance (lower blue dot). One blue dot indicates one peptide ion. For
each blue dot, the RT and the abundance in log 10 scale were labeled underneath; blue arrows
indicate their corresponding library identifications by searching the spectrum of this peptide ion
as query spectrum against the hair specific peptide spectral library including known GVP ions.

The match factor (MF) was labeled underneath its library identification.

FIG. 6—Comparison of the Reproducibility of the Direct and modified NaOH+SDS Methods.
The two gel images compare the reproducibility of method (A) the Direct method and (B)
modified NaOH+SDS method using 5 cm-long hair shaft samples from the same individual
donor across 8 replicates (A: A to H; B: 14 to 1H). A MW standard was loaded in the first lane.
Note that the NaOH+SDS gel includes a 9" lane for which the extraction from ten 5cm-long hair
shaft samples was included as a reference. The major bands that correspond to type I and type 11

hair cuticular keratins were labeled.

FIG. 7—Classification of lons by the Hybrid Search. lonPlot shows the classification of GVP,
identified, and not identified (NolID) ions, as well as several modifications: formylation (formyl),
methylation (methyl), alkylation (CAM), acetaldehyde, and acetylation that present in fraction 6
(F6), a representative gel fraction from a protein gel separating proteins derived from a 5 cm-
long hair shaft of this Asian donor by the Direct method. Solid: identified by regular library
search; Hollowed: identified by hybrid library search. x-axis: Retention Time (RT) in minute

(min), y-axis: Abundance in log 10 scale.

FIG. 8—Comparison of the Artifacts in the Three Methods. Comparison of experimentally

introduced artifactual modifications among three methods using our recently developed hybrid
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search: Cleavable Surfactant method (red), modified NaOH+SDS method (green) and the Direct
method (blue). The compared experimentally introduced artifactual modifications chosen as
examples are: acetaldehyde (upper left), acetylation (upper right), formylation (lower left) and

over alkylation (lower right).

FIG. 9—An Example of a Modification at Peptide N-terminus Mistaken as a GVP. Spectral
match of a hair-derived peptide to the peptide sequence HLOLAIR (Charge=2, Mods=0,
Spectral Match Score=705) with a DeltaMass of 26.0186 Da, which is likely due to acetaldehyde

(26.01565 Da) but may be incorrectly identified as His (H) —Tyr (Y) (26.004417 Da).

FIG. 10—Comparison of Hair Length Variation. Comparison of hair length variation. (A) This
gel image shows the separation of hair proteins from 5, 2.5, and 1 cm-long hair shaft samples
from the same individual donor. A MW standard was loaded in the first lane. Bands for type I
and type Il hair cuticular keratins were labeled. (B) spectral match (MF=921) of an example
GVP ion (KRT31 A82V V: DN[V]JELENLIR/2 0 HCD=30eV) is on the left. The spectrum
shown in red is the query spectrum and the spectrum shown in blue is the reference library
spectrum for this GVP ion. On the right is a plot that shows the abundance of this example GVP
ioninthe 1, 2.5, and 5 cm hair shaft samples is approximately linear. Note the y-axis is the log

of the abundance value, plotted on a linear scale.
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ABSTRACT

Recent reports have demonstrated that genetically variant peptides derived from human hair shaft

oNOYTULT D WN =

9 proteins can be used to differentiate individuals of different biogeographic origin. We report a

11 method involving direct extraction of hair shaft proteins more sensitive than previously

13 published methods regarding GVP detection. It involves one-step for protein extraction and was
found to provide reproducible results. A detailed proteomic analysis of this data is presented that
18 led to the following four results: 1) A peptide spectral library was created and made available for
20 download. It contains all identified peptides from this work, including GVPs that, when
appropriately expanded with diverse hair-derived peptides, can provide a routine, reliable and

25 sensitive means of analyzing hair digests; 2) An analysis of artifact peptides arising from side

27 reactions is also made using a new method for finding unexpected modifications; 3) Detailed
analysis of the gel-based method employed clearly shows the high degree of crosslinking or

32 protein association involved in hair digestion, with major GVPs eluting over a wide range of

34 high molecular weights while others apparently arise from distinct non-crosslinked proteins; 4)
36 Finally, we show that some of the specific GVP identifications depend on the sample preparation

method.
KEYWORDS

Forensic Science, Genetically Variant Peptide, hair protein extraction, cuticular keratins, peptide

47 mass spectral library, and trace detection
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In recent publications from Lawrence Livermore National Laboratory (LLNL), genetically
variant peptides (GVPs) derived from human hair have been shown to have forensic value (1,2).
The publication (1) by Parker et al. showed that these peptides might serve as a source of
evidence in addition to DNA for human identification due to several advantages that a hair
sample carries: 1) commonly found — on average, humans shed 50 — 150 hairs per day; 2) stable
— proteins in a hair sample usually last longer and are more resistant to degradation than DNA; 3)
when good quality DNA is not available, hair proteins may serve as alternative evidence by
detecting those GVPs in hair cuticular keratins and other hair proteins. A recent publication (2)
by Mason et al. described protein-based or GVP-based human identification from a single hair as
short as 1 inch-long. Another recent publication (3) by Carlson et al. described a sensitive
method to extract proteins from 1-millimeter or less in total length of human anagen head hairs,
and compared the proteins identified from hair shaft and hair root. The effectiveness of this

method for detecting GVPs has not yet been determined.

The human hair shaft is made up of three main components (4). Starting from the center, the first
component is the medulla which is rich in cross-links and highly insoluble. Next is the cortex
which comprises most of the hair shaft and is made up of hair cuticular keratin fibrils as well as
keratin-associated proteins. The thin outer layer is the cuticle which is also composed of keratin-
associated proteins and is the component that would be visually inspected through microscopic
examination. Hair cuticular keratins have been classified as type I (31-38) and type II (81-86)
based on the finding that type I keratins are acidic and type II keratins are neutral or basic
proteins (5,6). Two recent publications (1, 2) from LLNL have collectively identified a total of

88 GVP sites from multiple donors with bulk of hair samples: 32 sites from hair cuticular
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keratins, 7 sites from cytoskeletal keratins, 22 sites from keratin associated proteins, and 27 sites

from non-keratins.

Based on these findings, a human hair sample has the potential to serve as alternative evidence
for human identification if GVPs in hair keratins (mainly cuticular keratins), keratin associated
proteins and other non-keratin hair proteins can be sensitively and reliably identified. To detect
them, we first need an efficient method to extract proteins from human hair shafts. However, hair
protein extraction is especially difficult due to extensive cross-linking and poor solubility of hair
keratins (7,8,9). In this manuscript, we describe a direct protein extraction method (referred as
the Direct method) that can efficiently extract hair proteins from a single hair shaft less than 1
cm in length. We performed GVP panel analyses and examined experimentally-introduced
artifactual modifications among three methods: our newly developed Direct method and two of
previously published methods — NaOH-based SDS repeated extraction method (we modified it to
make it fit in small sample analysis, referred as modified NaOH+SDS method) (8) and
ProteaseMax-based method (referred as Cleavable Surfactant method) (1,2). Considering the
Direct method and modified NaOH+SDS method both utilize protein gel electrophoresis to
separate extracted proteins, we made further comparisons between these two in-gel methods for
sensitivity and reproducibility. We find that the Direct method is both sensitive and relatively
convenient to carry out while generating reproducible results regarding to GVP detection from a
single hair shaft from one individual donor. In the analysis of this data, we applied a number of
proteomic data analysis methods including: 1) The development of a library of peptide ion
spectra containing all identified peptides that, when extended, can contain all identifiable
peptides from hair proteins. Spectral libraries provide a sensitive and reliable means of peptide

identification and ultimately can contain spectra of all known GVPs. 2) Proteomic analysis that

3
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enable the detailed analysis of artifact peptides, generated by undesirable chemical analysis
which can, in principle, lead to false positive analysis. 3) A gel-based method of analysis that
reveals a wide distribution of molecular weights of proteins yielding keratin-based GVPs. 4) The
finding that different digestion methods can identify different GVPs, suggesting the inadequacy

of any current method of finding all potentially identifiable GVPs in a hair sample.

Materials and Methods

Human Hair Sample Preparation

Human hair samples were obtained commercially from BioreclamationIVT (LOT#
BRH1363732, 5g of hair shaft per package from the same individual donor). Most of the results
presented in this manuscript are derived from hair shafts from this single randomly selected
donor: Asian male, 30 years old. Hair samples were briefly washed with 20% methanol and
water, then dried and stored at -20°C. The related protocols have been reviewed and approved by

National Institute of Standards and Technology (NIST) Human Subjects Review Board.

Direct Extraction Method

Hair shaft samples (5cm, 2.5cm, or 1ecm) were cut using sterile laboratory scissors and then
combined with 50 ul of the commercially obtained NuPAGE Lithium dodecyl sulfate (LDS)
Sample Buffer (Catalog # NP0007, ThermoFisher Scientific) and 50 mmol/L reducing agent
dithiothreitol (DTT). After heating the hair shaft in sample buffer at 90 °C for various lengths of
time, extracted hair proteins (we call this the Direct method) were loaded onto NuPAGE 4-12%
Bis-Tris Protein Gels (Catalog # NP0321, ThermoFisher Scientific) and then separated by size
together with a Molecular Weight (MW) Standard (MW std) using sodium dodecyl sulfate -

Polyacrylamide Gel Electrophoresis (SDS-PAGE) at 200 V for 30 minutes. The protein gel was

4
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1

2

2 stained with SimplyBlue SafeStain (Catalog # LC6060, ThermoFisher Scientific) for one hour.

Z After overnight immersion in water, the destained-protein-containing gel was scanned, and

273 intensities of the main bands were determined. From top to bottom, the gel was evenly cut in 10
?(1) fractions (about 4 mm-long per fraction) and in-gel-digestion was performed for each fraction by
:g following a well-established in-gel-digestion protocol (10). Peptide concentrations were

12 measured by a kit provided by Pierce (Quantitative Colorimetric Peptide Assay Kit, Catalog #

iZ 23275) after desalting by ZipTip (Catalog # ZTC18S960, EMD Millipore Corporation). Desalted
;g peptides were injected to a Thermo Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer

;; for liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis. A simplified Direct
;i method workflow is shown in Supplementary Document S1.

2o

;é We performed a time course study to determine the optimal heating time for extracting hair

gg proteins by this Direct method using six individual 5 cm-long hair shafts with each one

g; processed at a different incubation time in the same amount of sample buffer (Fig. 1). The six

gi different incubation times were: 5, 10, 15, 30, 60 and 90 min with net peptide yields measured by
g% combining all ten fractions. The largest yield of peptides was found to occur at 30 minutes and
gg was selected as the optimal incubation time. Note that the LDS sample buffer was unchanged at
2(1) a pH of 8.5 through all incubation times. As Fig. 1A shows, we observed two distinct bands: the
EE first was found to be enriched in type II (basic) hair cuticular keratins (Gene Name: KRT81 to

22 86, # Amino Acids: 486 to 600, MW 53.5 to 64.8), and the second enriched in type I (acidic) hair
2573 cuticular keratins (Gene Name: KRT31 to 38, # Amino Acids: 404 to 467, MW 45.9 to 52.2) (8).
5(19) The orange thin lines in Fig. 1A also indicate an even fractionation of the gel in 10 slices per lane
gg from top to bottom as F1 to F10. Fraction 6 (F6) contains the first main band which enriches type
gg IT cuticular keratins and fraction 7 (F7) contains the second main band which enriches type I

56
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cuticular keratins (discussion of this observation can be found in the Results and Discussion
section). Fig. 1B shows the density reports of type I and type II bands at each time interval,
reaching a maximum at 30 min (Fig. 1B), consistent with the time for maximum peptide yield
described above. Fig. 1C shows the density ratios of all ten fractions obtained at 30 min, using
F1 as the reference. The maximum is at F6, which is used as a keratin-enriched representative
fraction. Fig. 1C indicates that the gel-based method both concentrates known GVP-rich keratin

proteins and shows the hitherto unknown distribution of apparently crosslinked proteins.

We note that additional studies are needed to understand both the effect of heating and the

influence of cysteine alkylation and other chemical processing details on peptide yields.

Modified NaOH-based SDS Repeated Extraction Method

To examine our newly developed Direct method, we compared it to a previously published
NaOH-based SDS repeated extraction method (8). We modified the published protocol to fit the
purpose of protein extraction from a single hair shaft. The modified work flow was performed as
follows (also illustrated in Supplementary Document S1): 1) first, we used bead milling for
sample preparation instead of incubation with lysis buffer: 5 cm-long hair shafts are ground by a
bead mill (OMNI Bead Ruptor 24 Elite, OMNI-International Inc.) repeatedly (3 cycles, 30
second grinding at the speed of 5 m/s and 30 second dwell); 2) next, ground hair samples are
incubated with a NaOH-based lysis buffer that contains SDS and beta-mercaptoethanol (BME)
for three cycles according to published (8) protocol and in each cycle, the hair residue is recycled
through the process with bead milling; 3) pooled supernatant containing hair proteins are
precipitated with acetone; 4) pellets from protein precipitation and leftover hair debris are

combined for downstream SDS-PAGE; 5) in-gel-digestion was used to generate peptides.

6
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Hair Peptide Mass Spectral Library Construction Including Published GVPs

Using the mass spectral library construction pipeline described in the literature (11), the raw

oNOYTULT D WN =

9 mass spectral data files generated in the present studies were used to construct a hair-specific

11 peptide mass spectral library. This relatively small library contains 6280 spectra (6280 peptide
13 ions of 4343 distinct peptides, higher-energy collisional dissociation (HCD) =30eV), and among
these — a total of 3754 spectra (3754 peptide ions of 2240 distinct peptides, HCD=30eV) arose
18 from hair keratins or keratin associated proteins - using the National Center for Biotechnology
20 Information (NCBI, downloaded March 2017) human protein FASTA file with 20,183 sequences
plus additional 51 published GVP sequences (1). This provides a sequence coverage of hair

25 cuticular keratins of about 70%. Of these spectra, 40 mass spectra are identified as GVP ions

27 which cover 14 published GVP sites (a subset of total 88 published GVPs): 10 sites from hair
cuticular keratins, 1 site from a keratin-associated protein, and 3 sites from non-keratin proteins.
32 Detailed information can be found in the Results and Discussion section where we discuss GVP

34 panel analysis.
37 Spectrum Library Searching

40 Freely available MSPepSearch software (peptide.nist.gov) (11) was used to perform mass

42 spectral library searching using a precursor ion tolerance of 20 ppm (ppm was defined as parts
per million) and fragment ion tolerance of 50 ppm. Label-free HCD human tryptic peptide

47 spectral libraries (version September 23, 2016 contains 1,127,970 spectra, indicated as ‘main’
49 library) are available online (peptide.nist.gov) (12). A hair specific peptide spectral library
(indicated as ‘hair’ library) (13) was created from 90 raw mass spectral data files generated

54 during method development of processing 16 five cm-long hair shafts of this same individual

56 Asian donor. Surprisingly, 40% of peptides contained in this ‘hair’ library were not present in the
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‘main’ library even though it was constructed from a wide range of publicly available data files.
Clearly hair was not a common protein-containing material in these studies. This ‘hair’ library
was used in combination with the ‘main’ library for mass spectrum library searching. The 1%
false discovery rate (FDR) level was determined by using the target-decoy method described in
the literature (14,15). The NIST formatted mass spectral libraries were built using the program
Lib2NIST freely available online at chemdata.nist.gov. This library and associated software are

freely available online (13).

Sequence Database Searching

We used the Sequest (16) HT search node implemented in Proteome Discoverer (PD) 2.1 for
initial peptide identification prior to entry into a library and comparison the results of spectral
library searching. Mass tolerance settings were the same as in the library searches. The top
scoring peptide identification was selected, and FDR level was set at 1% using the same FASTA

file described above.

Proteomics Methods

GVP and its non-variant form designation: In this work, GVPs are tryptic peptides that are
represented first by their Gene Name followed by the site of the amino acid substitution. For
example, “DSP R1783Q _Q” indicates the tryptic peptide derived from Desmoplakin (GN=GSP)
containing “Q” at position 1783. The corresponding non-variant form is “DSP R1738Q R”
where “R” is in place of “Q”. The term “GVP ion” refers to not only tryptic peptide sequence,
but also charge state and possible modifications. Peptides observed in different charge states or
modifications are treated as different peptide ions. The most abundant form of a peptide ion is

used to measure its intensity.

8
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1

2

2 LC-MS/MS parameters: Digests were analyzed on an Eksigent Classic 2D Nano LC with an

5 . .

6 Acclaim PepMap RSLC column (75 um x 15 cm, C18, 2 pm, 100 A) with a nanospray source

7

8 connected to a Thermo Orbitrap Fusion™ Lumos™ Tribrid™ Mass Spectrometer in the positive
9

1(1) ion mode. Mobile phase A consisted of 0.1% formic acid in water and mobile phase B consisted
:g of 0.1% formic acid in Acetonitrile. The peptides were eluted by increasing mobile phase B

14

15 from 1% to 90% over 200 minutes. Data was collected using a data dependent mode with a

16

17 dynamic exclusion of 20 seconds. The top 10 most abundant precursor ions were selected from a
18

;g 350-1600 m/z full scan for fragmentation. The resolution of full MS scan was set at 120,000 and
21

22 the resolution of MS/MS scan was set at 30,000. In future work, we plan to perform a 2D-LC

23

24 study to find more trace ions.

25

26

27 Modifications included in hair library are: (1) fixed carbamidomethyl (CAM) at Cysteine (C); (2)
28

gg oxidation at Methionine (M); (3) acetylation (Acetyl) at peptide N-terminus; (4) acetaldehyde at
31 . . . . .

32 peptide N-terminus; (5) Gln->pyro-Glu at Glutamine (Q) at peptide N-terminus; (6) Glu->pyro-
33

34 Glu at Glutamic Acid (E) at peptide N-terminus. Other less abundant modifications may be

35

g? added to future versions of the library, although these may be depended on the specific chemical
gg processing involved in the digestion.

40

2; Incomplete digestion in proteomics: The inability to digest substantial portions of the proteome
43

44 is common for the proteomics of biological material. Here are some examples: 1) In reference 8§,
45

46 the reference for the original NaOH+SDS method, hair pellets were simply discarded after

47

jg incubation with lysis buffer containing NaOH+SDS; 2) In reference 9, scanning electron

50 . . . .. . . . . .
51 microscope images as Fig. 2 to show remaining undigested hair after extraction with SDS or with
52

53 urea. In case 1 and 2, substantial portions of the hair undigested although it is method dependent;
54

gg 3) In reference 17, heavy-isotope-labeled proteins were used to compare peptide recovery

57
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between laboratories and results showed that the digestion step was the greatest source of
inconsistent recovery (median loss of 70%). These examples demonstrate that significant levels

of incomplete digestion are expected in the proteomics of biological materials.

Results and Discussion

Identification of Hair Proteome including Cuticular Keratins by Direct Extraction Method

We examined overall protein and peptide identifications from all ten gel fractions and compared
our library search results to the results from sequence (Sequest) searches. When searching
spectral libraries, we added the ‘hair’ specific mass spectral library to our ‘main’ library (12,13)
to obtain better search performance. The next A and B sub-sections discuss these results and
demonstrate the effectiveness of spectral library searching for peptide identification. In sub-
section C, we examine GVP detection with library searching in all ten fractions and compare the

GVP panel analysis by the Direct method to the other two published methods (1,8).

A. Overall Gel Identification

Results for hair proteins extracted from a single 5 cm-long hair by the Direct method are
presented in Table 1. They were derived from one raw MS data file for each of the ten gel
fractions. All were independently analyzed to determine details of the gel separation and

digestion process.

Using both spectral library and Sequest searching methods, results derived from F1 to F10 are
compared in Table 1. As shown in Table 1, when the ‘main’ library was combined with the ‘hair’
library for spectral library searching, the overall library identification for proteins - for both hair

proteome (7,9) and hair cuticular keratins (a major subset of the hair proteome) (1,8) was similar

10
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to that from Sequest, however for all peptides identified, the spectral library method was

somewhat more sensitive at a given FDR level, consistent with previous observations (14).

oNOYTULT D WN =

9 Hair cuticular keratins are major components of hair proteome. Table 2 examined the sequence
11 coverage of listed total 15 hair cuticular keratins of type I and type II by library and Sequest

13 searches from all ten fractions. Peptides present in multiple proteins were used in calculating the
sequence coverage of each protein. Since we are interested in GVPs, of course the better

18 coverage, the greater the chance of detecting potential GVP sites. In general, library searching
20 provides a fuller coverage than database searching, although except for the most abundant
KRT31, some of these coverages are far less than 100%. There are several possible reasons for
25 this: 1) cross-linking makes certain sites hard to reach by trypsin during the digestion; 2)

27 extremely long (> 50) or short (< 6) peptides were not considered under the current search
parameters; 3) loss of extremely hydrophilic or hydrophobic peptides occurs during sample

32 preparation and LC analysis. 4) Incomplete conversion of proteins to peptides is common

34 throughout proteomics, and according to reference 18, an approximately 70-80% of recovery is
36 expected after extraction from the gel. Putting all ten fractions together, 8 out of 15 hair cuticular
keratins reach more than 90% coverage, 5 out of the rest 7 reach more than 50%, and only 2 less
41 than 50% (KRT37 and KRT84). Supplementary Document S2 shows sequence coverage in

43 amino acids of 15 type I and type II hair cuticular keratins found by library and Sequest searches.
46 B. Major and Minor Gel Band Identification

49 We observed two distinct gel bands in fractions 6 and 7 (Fig. 1). The other fractions had several
minor bands but most of the intensity was evenly distributed (Fig. 1C). Results are discussed

54 below.
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Fig. 2 shows the intensities over the fractions for selected peptides from type I (A) or type II (B)
hair cuticular keratin. In both cases, both the GVP and non-variant form are shown along with
another major peptide from each protein. The abundance of each peptide derived from its MS1
ion chromatogram peak area. These results indicate: 1) the major gel bands correspond to type I
(fraction 7) and type II (fraction 6) hair cuticular keratins, consistent with literature (8) reports.
Fractions 6 (type II) and 7 (type 1) are enriched in individual hair cuticular keratins; 2) it is
noteworthy that most peptides identified outside the main regions were the same as those inside
that region. This behavior persisted in all analyses. This is presumably due to presence of
significant quantities of cross-linked proteins or unseparated complexes with higher molecular
weight with lower mobilities as well as fragments of these proteins at lower molecular weights
with higher mobilities. We find that keratin GVPs are found in virtually all gel fractions
suggesting that they distributed among a wide range of crosslinked proteins, suggests that the
insoluble, crosslinked portion of the hair protein may not contain additional keratin-GVP
identifications. According to reference 7, the insoluble, crosslinked portion has a higher content
of non-keratin proteins and may contain additional non-keratin-GVP identifications. Further, we
know of no way to enhance the method’s digestion effectiveness, though such an improvement

would be very welcome.

Note that in Table 1, fractions 6 and 7 show the highest peptide signal strengths but lowest
numbers of peptide identifications (IDs). This is confirmed in Fig. 3, where the total ion currents
(TICs) are inversely correlated with peptide IDs with a correlation coefficient of -0.75. This is a
consequence of the higher concentrations of relatively a few proteins dominating fractions 6
(type II) and 7 (type I), which leads to higher concentrations of their tryptic peptides with

consequent signal suppression of peptides from other, less abundant proteins. In other fractions,
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no individual proteins dominate, so tryptic peptides are more equally spread across a larger
number of proteins, though many of them are crosslinked, fragmented or otherwise modified.
Supplementary Table S1 shows when moving along the gel fractions from F1 to F10, the
example big protein (Desmoplakin) decreases and the example small protein (a Keratin-

associated protein) increases.

The major advantage of gel fractioning is that it separates the proteins by molecular weight,
thereby showing more clearly the origin in individual GVPs. It can also minimize ion
suppression leading to the identification of additional GVPs. Unfortunately, this approach is
time-consuming. Our attempts to combine fractions led to loss of potential GVPs (see section C).
Identifications of all GVPs in a single digest analysis is apparently not possible at present

(discussed below). Finding optimal methods will be the topic of future research.

C. GVP Panel Analyses in All Ten Fractions and Among Three Methods

As described in the Method section, we identified a total of 14 published tryptic GVP sites from
this Asian donor’s hair samples. These sequences along with corresponding non-variant
sequences, are listed in Supplementary Document S3. Table 3 shows the specific GVP
identification for the three methods with three replicate runs for each method, namely: our Direct
method, the modified NaOH+SDS method (8), and the Cleavable Surfactant method (1,2). For
both the Direct method and modified NaOH+SDS method, GVP panel results from different
fractions are combined in Table 3. Supplementary Document S3 uses the results from F1 to F10
as an example to illustrate how we performed this analysis for a complete data set by the Direct

method. Analysis led to a number of general findings:

13
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1) For high-abundance GVPs from major keratins, as shown in Fig. 2A or 2B, identifications are
easily made. Scores are high [MF: 792 - 942], leading to highly confident identifications (14),
retention times are reproducible (Supplementary Document S3), and identifications are made in

all gel fractions for both the GVP and its non-variant form.

2) For low-abundance GVPs, mostly arising from less abundant proteins, identifications can be
harder to assign, possibly involving lower and variable scores. Confidence can be increased by
elution in the expected gel fraction as well as the determination of its non-variant form
(sometimes this is made more difficult if GVP site involves a tryptic cleave site at R or K). This
is illustrated with two examples:

(a) The GVP site ‘DSP_R1738Q_Q: G[Q]SEADSDKNATILELR’ (mutated site highlighted in
brackets), was identified in the top gel fractions (F1 and F2). This is consistent with its very large
precursor protein having 2871 residues, Desmoplakin (DSP). This is an example that R becomes
Q and we identified both GVP and its non-variant form in the expected gel fractions with
comparable intensity (Supplementary Document S3).

(b) Another GVP site ‘KRTAP10-8 H26R R: TYVIAASTMSVCSSDVG[R]’ originates from a
much smaller keratin-associated protein (KRTAP, 259 Amino Acids), and was recovered from
bottom gel fractions (F9 and F10). This is an example that H becomes R and we only identified
GVP but not its non-variant form. Such discrepancy happens because these are two different
peptides when GVP site involves R/K. To solve this problem, we would need to choose a
different digestion enzyme. Actual release rates for peptides in a protein are not easily predicted
and depend on multiple factors (19). So, it is hard to estimate the relative intensities of a GVP

and its non-variant if their lengths and possibly charge states are different.

14
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3) The specific GVP identification depends on the experiments, with a number of different GVPs

identified by the in-gel and in-solution digestion methods. Hence, false negative results appear to

oNOYTULT D WN =

be a significant concern with the present methods, especially for the in-solution method.

11 4) We note that the identification of both a GVP and its non-variant will significantly increase

13 the confidence of GVP identification. Of course, this is not possible if the source is homozygous
or when the non-variant form is not an easily detectable peptide (as may be the case where

18 tryptic cleavage sites are different in the GVP and non-variant form). In this work, the fact that
20 several potential GVPs were observed (Supplementary Document S3), but not at high confidence

(low abundance or matching score) reinforces the likelihood that they are not true GVPs.

Fractionating in the gel methods is part of a 2D study — the first dimension is separating hair

28 proteins based on the MW during SDS-PAGE, the second dimension is separating extracted

30 peptides by the LC gradient during LC-MS/MS. Analyzing each fraction enables very low

32 abundance GVPs to be identified. It is why we detect more GVPs from the two in-gel methods
than the in-solution method. However, we detect fewer GVPs if we combine these fractions and
37 process as a mixture (Table 3). We also tried a brief ‘short-gel’ run by applying SDS-PAGE at
39 200 V for only 10 min (long-gel: 30 min at 200 V). We compare the GVPs between long-gel and
short-gel runs and find that short-gel-mixture loses even more GVPs (Table 3). This can be

44 explained by hair proteins not being effectively separated in a shorter run or possibly that SDS
46 not being fully separated from proteins. In any case, this finding highlights the importance of
both separation and sensitivity in finding all identifiable GVPs in a sample. While running 10

51 fractions is very time-consuming, possible GVPs were lost (Table 3) upon combining fractions
53 indicates that more rapid analysis using a single LC-MS/MS run can lose less abundant GVPs.

35 Moreover, the finding that different GVPs are found with different digestion protocols implies
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that no existing method can be relied on to identify all possible GVPs. Together, this clearly
shows the need of future work for finding the most efficient way to maximize GVP

identification.

Comparison Between the Direct Method and modified NaOH+SDS Method

Since the Direct method and modified NaOH-+SDS method both use protein gel to separate hair
proteins, for a direct comparison, we compared the Direct method with modified NaOH-+SDS

method for a further sensitivity and reproducibility check in this section.

A. Sensitivity

We examine the sensitivity of the Direct method to modified NaOH+SDS method by comparing
multiple metrics across a dilution series. In Figure 4, we show the relative sensitivity of the two
methods by comparing the degree of dilution needed for each method to yield the similar number
of IDs. After comparing total number of ions (Fig. 4A), total number of peptides (Fig. 4B), total
number of proteins (Fig. 4C), and total number of GVP ions (Fig. 4D), we found that the Direct
method was about eight times more sensitive than modified NaOH+SDS method. The non-
monotonic behavior of some of the irregular trends is a consequence of results from the general
difficulty in obtaining highly reproducible proteomic results and, for GVPs, their small numbers
and therefore greater statistical fluctuation. Note that since the GVPs are few in number and
variable in intensity we could not reliably use GVPs alone to develop a reliable measure of
method sensitivity based on their identifications alone. This was confirmed in a separate set of
analyses: for example, GVP ions increased at 10D and then all the way decreased to minimum

detection level at 1280D.
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The present Direct method is both suitable for very small hair samples, and able to identify GVP
ions across a broad range of ion intensity. Intensities of reliably identified GVP ions could differ
by orders of magnitude in ion intensity. Fig. 5 illustrates this for two spectra of the same GVP
ion ‘QVVSSSEQLQSYQ[V]EIIELR/3_0’. Even though intensities differ by four orders of
magnitude, retention times were almost identical (161.7 min vs. 161.5 min) and spectral library

match factors were quite high (over 800).

B. Reproducibility

In an examination of the reproducibility of the present method, the extraction was repeated eight
times using eight individual 5 cm-long hair shafts (labeled as A to H in Fig. 6A) from the same
donor, and particularly compared it to modified NaOH+SDS method (labeled as 1A to 1H in Fig.
6B, plus the last lane from 10 hairs included as a reference). We made the assumption that each
individual 5 cm hair shaft contained the same protein mass. Fig. 6 clearly indicates that the
Direct method is more reproducible than modified NaOH+SDS method. This presumably arises
from lower sample loss for the Direct method since it only needs one-step/30 min for hair protein
extraction, while the multiple-steps (also means much longer bench time) included in modified
NaOH+SDS method are more prone to sample loss and generating variable results (workflows of

the two methods are shown in S1) especially when the hair sample is very small.

We also compared the protein, peptide, and GVP identifications between the Direct method and
modified NaOH+SDS method with analysis repeated three times for each method. Results of
comparisons from a representative fraction (F6) are listed in Table 4 with three experimental
repeats: 1) higher average peptide yield (ng) was obtained in the Direct method than in the
modified NaOH+SDS method (11.5 vs. 2.9 ug); 2) more average peptides were identified by the

Direct method than by the modified NaOH+SDS method (610 vs. 509); 3) although similar

17
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average number of GVP ions was observed in the Direct and modified NaOH+SDS methods, it
is more reproducible with much smaller coefficient of variation (CV) in three experimental
repeats in the Direct method (0.02 vs. 0.27 , respectively); 4) gel blank - only a few peptide IDs
from gel blank and no GVP identification at all. Gel blank serves as a control to see if we
introduce any contamination from handling the blank gel alone. Table 4 shows that the Direct
method is not only a more sensitive, but also a more reproducible method when compared to the

modified NaOH+SDS method.

Estimation of the digestion yield: The gel-based method we chose for analysis unfortunately did
not allow us to use a conventional Bradford colorimetric (BCA) assay to measure protein
concentration. Instead, yields of digested peptides using the Pierce method mentioned above
served a similar, albeit less direct purpose. Based on a measured 5 cm hair mass of 100 ug (10 5-
cm lengths were found to weigh 1.0 mg), we found that at the incubation time of 5, 10, 15, 30, 60
and 90 minutes, corresponding total yields of peptides to be 16%, 27%, 37%, 75%, 66% and
51%. The maximum of 75% at 30 min was selected as optimal (see above). For comparison, a
yield of 47% was reported for an in-solution method (8) using BCA assay after precipitating

extracted proteins.

Examination of Artifacts Among Three Methods

In most proteomics experiments, a large fraction of ions sampled are not identified. This not only
reduces the efficiency of the experiment but also has potential to generate false positive results.
Moreover, the identity of the unidentified ions may aid in understanding and optimizing the

experiment and provide a measure of quality control.

18
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1

2

2 In the present experiment almost 90% of ions are not directly identified as tryptic peptides using
5 . . . . . .

6 conventional library searching. Using our recently developed hybrid search (15), as shown in

7

8 Supplementary Table S2, 11% can be identified as expected tryptic peptides, while about 75%

9

1(1) can be identified via hybrid identification. These hybrid identifications find peptides that are

:g chemically modified forms of conventional tryptic peptides. The reason we would like to

14

15 examine experimentally introduced artifacts is because we must be aware of artifactual

16

17 modifications that may masquerade as a GVP and therefore generate false positive

18

;g identifications, the larger the number of spurious modifications the greater the chance that one
21

22 will accidentally overlap a possible GVP. Proteomics cannot distinguish biological versus

23

24 artifact origins of identified peptides. For example, a methylation at or near a serine might be

25

;? interpreted as a serine to threonine GVP. lonPlot in Fig. 7 shows the classification of ions (GVP,
28 . . . . . . . .

29 Identified, and not-identified ions from F6 of the Direct method) by the hybrid search including a
30

31 list of several interesting modifications that we would like to discuss more in this section. These
32

gi analyses also show the nature and extent of certain spurious chemical processes that add to

22 sample complexity and, in effect, diminish the sensitivity and overall quality of the experiment.
37

gg Since this issue is important for every sample preparation method regarding to GVP detection,
40

41 below we examine the artifacts among the three methods: our Direct method, modified

42

43 NaOH+SDS method, and Cleavable Surfactant method.

44

45

46 Table 5 compares the twenty most frequently identified DeltaMass values in three methods (15).
47

jg For more information, Supplementary Document S4 shows the histograms of all DeltaMass

50 . . . . . . . .

51 values obtained from hybrid search identifications in each method to give a broad view of the

52

53 distribution of all DeltaMass values. From the top 20 DeltaMass values listed in Table 5, we now
54

gg further discuss four types of experimentally introduced artifactual modifications (Fig. 8).

57
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Acetaldehyde adduction. We compared the occurrence of an acetaldehyde adduct across the
three methods. Fig. 8 shows that this artifactual modification is more frequently identified in the
Direct and modified NaOH+SDS methods due to the presence of ethanol in the SimplyBlue
SafeStain that we used to stain the protein gels. We here included an example in Fig. 9 to show
our main concern — a modification at peptide’s N-terminus could be mistaken as a potential
GVP: the DeltaMass value from the hybrid search for this hybrid identification is 26.0186 Da,
within the mass tolerance range, which is likely due to acetaldehyde (26.01565 Da) but may be
incorrectly identified as His (H) —Tyr (Y) (26.004417 Da) since His (H) is involved in the
identification at the first amino acid in this peptide ion. Without the hybrid search, or without

being aware of what type of artifactual modification exists, such a mis-identification will occur.

Acetylation. While acetylation at Lys (K) and the protein amino terminus are biological
modifications, artifactual acetylation at the peptide N-terminus can be introduced during sample
preparation. Although the source of acetic acid is not believed to have been introduced through
sample preparation, this artifactual modification was identified more frequently in the Direct and

modified NaOH+SDS methods.

Formylation. Formylation is less dissimilar across all three methods than that of the previous
described two modifications. This is expected as formic acid is required in all three sample

preparations.

Alkylation. Alkylation (CAM) is significantly greater in the Cleavable Surfactant method
compared to the Direct and modified NaOH+SDS methods. This is consistent with the fact that
iodoacetamide concentration we used in sample preparation of Cleavable Surfactant method is

much higher than in the Direct and modified NaOH+SDS methods.

20
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1

2

2 Table 5 and Supplementary Document S4 show that, overall, results of the three methods have

6 similar degrees of experimentally introduced modifications. It seems likely that the artefactual

7

8 modifications are a result of the inherent difficulty of digestion such an insoluble and crosslinked
9

1(1) material as hair.

12

13 Regarding to GVP panel analysis, we find consistent results in regular and hybrid searches.

14

12 Hybrid searching usually reports more GVP ions with many kinds of unexpected modifications
17

18 but seems not gaining additional known GVP site detection. Verified GVP detection by the

19

20 hybrid search (not only seeing the version that included in the library but also seeing the versions
21

;g with some unexpected modifications) increases the confidence of GVP panel analysis.

24

;2 Identification of Hair Proteome and Cuticular Keratins from as Little as 1 cm-long Human Hair
27

28 Shaft by Direct Extraction Method

29

30 . . . . .

31 So far, the data we presented in this manuscript used 5 cm-long hair shafts as the starting

32

33 material. While we learned about the sensitivity of the Direct method with the serial dilution

34

22 study, we also wanted to check results using smaller lengths of hair. As the dilution series was a
2573 projection for low amounts based on similar extraction efficiencies for smaller lengths, one may
39

40 expect further losses due to possible inefficiencies in digesting small lengths of hair. For this

41

42 purpose, we undertook a series of studies where hair shaft varied from 5, 2.5, and 1 cm-long. Fig.
43

j;' 10A shows the separation of hair proteins by SDS-PAGE for three different hair lengths and

46

47 Table 6 lists the total number of hair proteins and peptides identified as well as those that are

48

49 specific for hair cuticular keratins and GVP ions. Fig. 10B shows the analysis of an example

50

g; GVP ion whose abundance is almost linear in 5, 2.5, and 1 cm hair shaft samples to demonstrate
53 . . . .

54 the abundance is proportional to length. These results show that as little as 1 cm-long hair shaft
55

56 sample can be analyzed by this Direct method. There is no reason to believe it would not work
57

58 21
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effectively for even smaller amounts of hair, suggesting that even forensic-relevant trace

quantities of hair would be suitable for this analytical method.

Examination of the Direct Method in Another Donor

To ensure that these results were not unique to one donor, we applied the Direct method to
another randomly selected donor’s hair shaft samples obtained from BioreclamationIVT (LOT#
BRH1363733, 5 g of hair shafts from a Caucasian male, 23 years old). Table 7 lists the total
number of hair proteins and peptides identified as well as those from hair cuticular keratins and
GVP ions. These results demonstrate that the Direct method works equally well for another
donor’s hair samples. The overall protein gel images, the peptide yields from in-gel-digestions,
the hair keratins and their peptide identifications, and the number of found GVP ions are similar.
Most of high abundance GVPs in this Caucasian donor overlap with previous described Asian
donor in the GVP panel analysis. This manuscript is focused on the protein and peptide
extraction from single hair shaft, that is the reason why we use hair samples from the same Asian
donor for the development of protein extraction method. We believe our Direct method would
work effectively for hair samples from any individual donor. These studies did not consider
donors who heated or chemically treated their hair — this would be a useful topic for future
research. The focus of this paper was only analytical methods and detailed proteomic analysis.

Variations with hair origin will be the topic of future studies using the methods described here.

Summary and Conclusions

In summary, we have shown that the Direct extraction method is a sensitive, reliable, and
relatively convenient method based on the depth of coverage of the human hair proteome and

cuticular keratins: 1) It is a relatively sensitive method: it works for a hair shaft as short as 1 cm;

22
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1

2

2 2) It is a relatively reliable method: it generates more consistent results in protein/peptide

6 identification and GVP detection; 3) It is a relatively convenient method: it is simple to carry out
7

8 since there is only one-step in protein extraction from hair, although to assure maximum GVP

9

1(1) identification, it does require multiple LC-MS/MS runs.

12

1 i Using our recently developed ‘hybrid’ spectral library search method, we have found that a very
12 large fraction of the peptide spectra acquired were not simple tryptic peptides derived from

17

18 known proteins. A conventional library search can identify only 11% of the peptides, who the
19

20 hybrid search identifies 75%, including any previously unidentified GVPs (as our future work).
21

;g We have also shown that the hybrid search, could be used to identify potential sources of false
24

25 positives due to the presence of artifactual modifications that are experimentally introduced.

26

27 Modifications that could be mistaken as a GVP should be the primary concern and a separated
28

gg examination of artefactual modifications is needed. In difficult cases, a more careful manual

31 .

32 checking of GVP spectra may also be needed.

33

gg Although we recommend the Direct method because of several advantages we described earlier,
36

37 we also realize different methods may be most suitable for different GVP panel analysis. Each
38

39 method will have its own strength and weakness. Unless we combine the results from all three
40

2; tested methods, no single method covered all the identified published GVP sites in this study.
43

44 This is largely because of the nature of the hair samples — heavy crosslinking makes hair

45

46 mechanically strong and stable, but also very resistant to sample processing.

47

48

49 We have also shown that a GVP analysis can effectively done using a peptide spectral library
50

g ; containing all identifiable peptides derived from human hair samples. With this paper we provide
53 . .. . . . . . . .1

54 a library containing all identified hair derived peptides (13). Future expansion of this library can
55

56 include all known GVPs as well as all identifiable peptides derived from human hair. Further, it
57
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may be combined with the NIST-developed label-free HCD main peptide library
(peptide.nist.gov) (12) to provide another layer of sensitivity and confidence for hair peptide

identification and GVP detection.

Supporting Information

Supplementary Table S1. Example of a Big Protein and a Small Protein Amount Change in Ten
Gel Fractions by the Direct Method

Supplementary Table S2. Percentages of Hybrid IDs in All Ten Gel Fractions by the Direct Method
Supplementary Document S1. Outline of Protein Extraction Work Flows for Direct Method and
modified NaOH+SDS Method

Supplementary Document S2. Comparison of Sequences Coverage in Amino Acids of 15 type I

and type II hair cuticular keratins by library and Sequest searching

Supplementary Document S3. GVP Panel Analyses in All Ten Fractions by the Direct Method
Supplementary Document S4. Histograms of the Distribution of All DeltaMass Values in Three

Methods
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Table 1. Comparison of Protein and Peptide Identifications from Spectral Library and Sequest

Searching in All Ten Fractions at 1% FDR by the Direct Method from a 5 cm-long Hair Shaft*.

Page 66 of 134

Yield Main+Hair Spectral Library Sequest
Direct (1g) TIC Hair Proteome Cuticular Keratins Hair Proteome Cuticular Keratins
Proteins | Peptides | Proteins | Peptides | Proteins | Peptides | Proteins | Peptides
F1 1.76 | 3.91E+06 148 2040 14 583 98 1128 14 471
F2 3.81 | 6.54E+06 140 1888 15 614 84 1052 14 503
F3 5.46 | 1.03E+07 132 1744 14 614 73 1022 14 525
F4 8.95 | 1.44E+07 134 1789 14 628 83 1045 13 526
F5 5.86 | 8.27E+06 152 1781 14 594 93 1061 14 513
F6 13.25 | 2.06E+07 135 1617 15 620 68 906 15 503
F7 10.92 | 2.31E+07 146 1607 13 623 76 933 14 538
F8 7.06 | 8.17E+06 207 2167 15 631 129 1290 15 521
F9 5.98 | 4.72E+06 214 2268 14 589 138 1346 13 463
F10 | 12.24 | 8.59E+06 173 1744 14 470 120 1079 13 347

*Proteins were identified by > 2 peptides throughout this manuscript. For peptide/protein

identifications (IDs) under ‘Hair Proteome’, Fraction 8 (F8) and 9 (F9) gave more IDs in both

spectral library and Sequest searches; for peptide/protein IDs under ‘Cuticular Keratins’, the

distribution of IDs was more even across all 10 gel fractions in both spectral library and Sequest

searches. TIC: an index of total ion current.
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Table 2. Comparison of Sequence Coverage (%) of Hair Cuticular Keratins from Spectral

Library and Sequest Searching in All Ten Fractions by the Direct Method.

oNOYTULT D WN =

9 Cuticular From From
10 Keratins Library Sequest
11 KRT31 100.0 97.6
12 KRT32 54.2 49.6
KRT33A 97.0 93.3
15 KRT33B 97.0 93.6
16 KRT34 86.0 83.9
17 KRT35 91.0 86.4
KRT36 60.8 49.3
20 KRT37 43.0 34.7
21 KRT38 61.2 51.3
22 KRT81 96.2 91.9
KRT82 63.4 49.9
25 KRT83 97.0 87.2
26 KRT84 12.7 11.2
27 KRT85 96.8 89.4
KRT86 99.2 92.4
30 Average 77.0 70.8
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Table 3. Genetically Variant Peptide (GVP) Panel Analyses in Three Methods*.

ONE 5 CM HAIR, ASIAN

DSP

GSDMA

KRT31

KRT32

KRT33A

KRT33B

KRT35

KRT35

KRT81

KRT82

KRT83

KRT83

KRTAP
10-8

TGM3

R1738Q_
Q

V128L_
L

A82V_
v

S222Y_
Y

A270V_
Vv

V279L_

L

P443A_
A

S36P_
P

S13R_
R

T458M_
M

G3625_
S

1279M_
M

H26R_
R

T13K_
K

D_LG_F1 TO_F10_R1*
D_LG_F1_TO_F10_R2
D_LG_F1_TO_F10_R3

X
X
X

X
X
X

X
X
X

D_LG_COMBINED_R1
D_LG_COMBINED_R2

D_LG_COMBINED_R3

X X |XxX X

D_SG_COMBINED_R1
D_SG_COMBINED_R2
D_SG_COMBINED_R3

NS_LG_F1_TO_F10_R1
NS_LG_F1_TO_F10_R2
NS_LG_F1_TO_F10_R3

X X X| X X X| X X X|X X X

>

X X X| X X X| X X X|X X X

X X X| X X X| X X X|X X X

CS_R1
CS_R2
CS_R3

X X X[ X X X[ X X X| X X X|X X X

<X X| X

X

X X| X X X[ X X X| X X X|XxX X

X X X| X X X[ X X X[ X X X[X X X

*all listed GVP analyses are derived from the same Asian donor’s single 5 cm-long hair samples: GVP panel analyses by the Direct

method with all 10 fractions from a long-gel (30 min run at 200 V) which have been individually processed by LC-MS/MS and then

summarized the results in one row are labeled as ‘D LG F1 TO_F10’; GVP panel analyses with combined fractions processed as a

mixture from a long-gel run by the Direct method are labeled as ‘D_ LG _COMBINED’; with combined fractions from a short-gel run

(10 min run at 200 V) are labeled as ‘D_SG_COMBINED’; GVP panel analyses by the modified NaOH+SDS method with all 10

30
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fractions from a long-gel run individually processed and then summarized are labeled as ‘NS LG _F1_TO F10’; GVP panel analyses

by the Cleavable Surfactant method are labeled as ‘CS’. R1, R2, and R3 are three experiment repeats.

oNOYTULT D WN =

9 #results from F1 to F10 are listed in Supplementary Document S3, used as an example to demonstrate a GVP panel analysis from this

11 ‘D LG _FI _TO F10 R1’ data set.
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Table 4. Examination of Reproducibility for the Direct Method and modified NaOH+SDS

method* from a Representative Gel Fraction (F6).

oNOYTULT D WN =

. Main+Hair Spectral Library
Methods Yield ; 3 3
. . Hair Proteome Cuticular Keratins GVP
(one 5 cm hair, Asian) (ug) .

Proteins Peptides | Proteins | Peptides | 'ONS

Direct_R1 10.32 114 1427 14 593 43
Direct_R2 13.25 135 1617 15 620 44
Direct_R3 10.94 132 1725 14 618 45
NaOH+SDS_R1 3.36 101 1267 14 509 29
NaOH+SDS_R2 2.11 93 1178 14 497 51
NaOH+SDS_R3 3.32 83 1137 15 520 45
Blank Gel 0.04 6 17 2 7 0

*The result was obtained from fraction 6, a representative gel fraction. Three experimental

repeats: R1, R2, and R3.
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Table 5. The Twenty Most Frequently Identified DeltaMass Values Obtained from Hybrid

Journal of Forensic Sciences

Search Identifications in the Three Methods.

Journal of Forensic Sciences

Theorical Percent of Hybrid Identifications
DeltaMass D\tl:l‘tl:l‘\e/I::s Proposed Modification Direct NaOH+SDS Cleavable
(Median) (Median) Surfac.tant
(Median)
1.001 1.00335483 1-C13 17.30 17.76 19.34
2.007 2.00670966 2-C13 6.73 8.82 6.71
42.013 42.010565 Acetyl 6.25 5.75 3.54
26.017 26.015650 Acetaldehyde 3.52 2.49 0.66
3.009 3.01006449 3-C13 3.59 4.96 3.55
27.999 27.994915 Formyl 1.87 3.03 1.57
14.018 14.015650 Methyl 3.08 2.60 1.12
-1.011 -1.00335483 -1-C13 2.31 3.05
-17.023 -17.026549 -NH3 1.62 1.51 2.38
70.007 70.005480 Formyl + Acetyl 0.89 1.28
4.009 4.01341932 4-C13 1.78 2.44 2.02
12.002 12.000000 Formaldehyde Adduct 1.45 1.20
43.014 43.005814 Carbamyl/Acetyl + 1-C13 1.48 1.07 0.70
-18.008 -18.010565 Dehydration/Glu—>pyro-Glu 1.34 1.35 2.01
-2.013 -2.00670966 -2-C13 1.36 1.58 1.43
23.986 23.98865266 Sodiated + 2C-13 1.17
57.023 57.021464 CAM 1.78 1.87 421
15.997 15.994915 Oxidation 1.08 1.28
120.028 120.024500 | Dpesulferization + CAM + DTT 0.95
58.010 58.005480 Deamidation + CAM 1.06 0.89 3.33
-91.009 -91.009185 Cys(CAM)->Dehydroalanine 0.82
-16.019 -16.0231942 1C-13 +-NH3 0.76 0.93
-0.983 -0.984016 Amidation 3.44
5.014 5.01677415 5-C13 0.69
160.041 | 160.030654 Add-Cys+CAM 1.25
31.995 31.989829 Dioxidation 1.78
152.003 151.996571 +DTT 0.86
33
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Table 6. Reduction of Starting Material to 1 cm-long Hair Shaft by the Direct Method*.

Journal of Forensic Sciences

Hair Main+Hair Spectral Library
Length Hair Proteome Cuticular Keratins GVP
(em) Proteins | Peptides | Proteins | Peptides | ions
5 135 1617 15 620 44
2.5 86 1203 14 563 40
1 78 1149 14 486 39

*The result was obtained from fraction 6, a representative gel fraction.

34
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Table 7. Comparison of Protein and Peptide Identification from a 5 cm-long Hair Shaft from

Asian and Caucasian Male Donor by the Direct Method*.

oNOYTULT D WN =

9 Main+Hair Spectral Library

D , : i i
10 onor Yield (ug) Hair Proteome Cuticular Keratins GVP

1 Proteins Peptides Proteins Peptides | ions

Asian 13.25 135 1617 15 620 44

14 Caucasian 8.48 92 1177 14 581 45

15 *The result was obtained from fraction 6, a representative gel fraction.
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Figure Legends

FIG. 1—Time Course Study to Optimize the Best Heating Condition of the Direct Method. A
time-course study was performed to find the optimal time that a 5 cm hair shaft sample need to
be heated at 90°C. (A) The scanned gel image included a MW standard loaded in the first lane
and six additional lanes where the samples were loaded on increasing length of time for which
they have been heated at 90°C (5, 10, 15, 30, 60, and 90 min). The major bands that correspond
to type I and type II hair cuticular keratins were labeled. The orange thin lines indicate
fractionating the gel to 10 slices from top to bottom as “F1” to “F10”. (B) The chart shows the
density reports of type I and type Il bands at each time interval. The density reports were
obtained from gel scanning. The best time point (30 min) is labeled in red based on giving the
maximum density reports for both type I and type Il bands at 30 min. (C) The chart shows the

density ratios of all 10 gel fractions obtained at 30 min, using fraction I as the reference.

FIG. 2—The Range of the Intensities of Example Peptide lons Across All Ten Fractions from the
Direct Method in Type I and Type Il Cuticular Keratins. (A) Type I cuticular keratin KRT33A:
The range of intensities of an example GVP peptide ion pair (KRT334 A270V_V:
QVVSSSEQLQOSYQ[V]EIIELR/3 0 (blue square linked by blue line) and KRT334 A270V _A:
QVVSSSEQLQOSYQ[AJEIIELR/3 0 (blue triangle linked by blue line)) as well as another peptide
ion (SOOQEPLVCASYQOSYFK/3 1/9, C, Carbamidomethyl (orange circle linked by orange
line)) whose sequence is unique to KRT33A but not containing a known GVP site across all 10
fractions. ‘KRT334 A270V A’ or ‘KRT33A4 A270V V'’ means the amino acid at position 270 of
KRT33A can be a ‘A’ (regular version in human FASTA file) or a ‘V’ (published variable
version). Dashed black line indicates these three peptide ions reach their maximum intensities at

Fraction 7. (B) Type II cuticular keratin KRT83: The range of intensities of an example GVP

36
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1
2
2 peptide ion pair (KRT83 1279M M
5
6 DLNMDC[M]VAEIK/2 3/4,M,Oxidation/6,C,Carbamidomethyl/7, M, Oxidation (blue square
7
8 linked by blue line) and KRT83 I1279M 1
9
1(1) DLNMDC[I]VAEIK/2 2/4,M,Oxidation/6,C,Carbamidomethyl (blue triangle linked by blue
E line)) as well as another peptide ion
14
15 (LCEGVEAVNVCVSSSR/2 2/2,C,Carbamidomethyl/11,C,Carbamidomethyl (orange circle
16
17 linked by orange line)) whose sequence is unique to KRT83 but not containing a known GVP site
18
;g across all 10 fractions. ‘KRT83 1279M I’ or ‘KRT83 I1279M M’ means the amino acid at
21
22 position 279 of KRT83 can be an ‘I’ (regular version in human FASTA file) or a ‘M’ (published
23
24 variable version). Dashed black line indicates these three peptide ions reach their maximum
25
;? intensities at Fraction 6.
28
gg FIG. 3—The range of total ion current (TIC, upper panel) and peptide identifications (lower
1
22 panel) across all 10 fractions. Blue dashed lines indicate TIC values reach their maximum
33
34 numbers at Fractions 6 & 7, where peptide IDs reach their minimum numbers at Fractions 6 &
35
36 7
37
38
39 FIG. 4—Comparison of the Sensitivity in the Two Methods. The sensitivity of the two methods
40
2; was measured by comparing multiple metrics across a dilution series from 5D to 1280D: (A) the
43
44 total number of ions, (B) the total number of peptides, (C) the total number of proteins; (D) the
45
46 total number of published GVP ions detected in mass spectral data from 5 cm-long hair shaft
47
22 sample derived proteins that were extracted using the Direct method (blue) and modified
50
51 NaOH+SDS method (green). Actual data has been labeled on the points of each dilution series.
52
53
54 FIG. 5—Identification of an Example GVP lon with High and Low Abundance. The example
55
56 GVP ions (KRT334 A270V_V: QVVSSSEQLQSYQ/[V]EIIELR/3 0 higher-energy collisional
57
58 37
59
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dissociation (HCD) =30eV) were mapped to an lonPlot (x-axis: Retention Time (RT) in min, y-
axis: Abundance in log 10 scale) to show the library identification with high abundance (upper
blue dot) or with low abundance (lower blue dot). One blue dot indicates one peptide ion. For
each blue dot, the RT and the abundance in log 10 scale were labeled underneath; blue arrows
indicate their corresponding library identifications by searching the spectrum of this peptide ion
as query spectrum against the hair specific peptide spectral library including known GVP ions.

The match factor (MF) was labeled underneath its library identification.

FIG. 6—Comparison of the Reproducibility of the Direct and modified NaOH+SDS Methods.
The two gel images compare the reproducibility of method (A) the Direct method and (B)
modified NaOH+SDS method using 5 cm-long hair shaft samples from the same individual
donor across 8 replicates (A: A to H; B: 14 to 1H). A MW standard was loaded in the first lane.
Note that the NaOH+SDS gel includes a 9" lane for which the extraction from ten 5cm-long hair
shaft samples was included as a reference. The major bands that correspond to type I and type 11

hair cuticular keratins were labeled.

FIG. 7—Classification of lons by the Hybrid Search. lonPlot shows the classification of GVP,
identified, and not identified (NolID) ions, as well as several modifications: formylation (formyl),
methylation (methyl), alkylation (CAM), acetaldehyde, and acetylation that present in fraction 6
(F6), a representative gel fraction from a protein gel separating proteins derived from a 5 cm-
long hair shaft of this Asian donor by the Direct method. Solid: identified by regular library
search; Hollowed: identified by hybrid library search. x-axis: Retention Time (RT) in minute

(min), y-axis: Abundance in log 10 scale.

FIG. 8—Comparison of the Artifacts in the Three Methods. Comparison of experimentally

introduced artifactual modifications among three methods using our recently developed hybrid

38
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search: Cleavable Surfactant method (red), modified NaOH+SDS method (green) and the Direct

method (blue). The compared experimentally introduced artifactual modifications chosen as

oNOYTULT D WN =

examples are: acetaldehyde (upper left), acetylation (upper right), formylation (lower left) and

10 over alkylation (lower right).

13 FIG. 9—An Example of a Modification at Peptide N-terminus Mistaken as a GVP. Spectral
match of a hair-derived peptide to the peptide sequence HLOLAIR (Charge=2, Mods=0,
18 Spectral Match Score=705) with a DeltaMass of 26.0186 Da, which is likely due to acetaldehyde

20 (26.01565 Da) but may be incorrectly identified as His (H) —Tyr (Y) (26.004417 Da).

23 FIG. 10—Comparison of Hair Length Variation. Comparison of hair length variation. (A) This
gel image shows the separation of hair proteins from 5, 2.5, and 1 cm-long hair shaft samples
28 from the same individual donor. A MW standard was loaded in the first lane. Bands for type I
30 and type Il hair cuticular keratins were labeled. (B) spectral match (MF=921) of an example

32 GVP ion (KRT31 A82V V: DN[V]JELENLIR/2 0 HCD=30eV) is on the left. The spectrum

35 shown in red is the query spectrum and the spectrum shown in blue is the reference library

37 spectrum for this GVP ion. On the right is a plot that shows the abundance of this example GVP
39 ioninthe 1, 2.5, and 5 cm hair shaft samples is approximately linear. Note the y-axis is the log

of the abundance value, plotted on a linear scale.
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9 (A) Type | Cuticular Keratin KRT33A

—8—KRT33A A270V_V QVVSSSEQLQSYQVEIIELR/3_0
== KRT334 A270V_A QWWSSSEQLOSYQAEIIELR/3_0
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log 10 (Abundance)

Fractions
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Table S1. Example of a Big Protein and a Small Protein Amount Change in Ten Gel Fractions by the Direct vV

Desmoplakin
Keratin-associated protein 3-2

Accession number AA

Coverage_%

Fr_1 Fr_2
P15924 2871 35% 179 184
QSBYR7 98 59% 34 30
2
00 9 184
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Table S2. Percentages of Hybrid IDs in All Ten Gel Fractions by the Direct Method from a 5 cm-long Hair Sh:

oNOYTULT D WN =

Samples ID ID_% Hybrid_ID Hybrid_ID_No_ID No_ID_%

F1 3871 0.11 25596 0.727 5729 0.163
F2 3522 0.101 26358 0.755 5044 0.144
F3 3027 0.119 20144 0.791 2288 0.09
F4 4094 0.106 28466 0.736 6131 0.158
F5 3649 0.097 28783 0.762 5352 0.142
F6 2831 0.112 20527 0.811 1954 0.077
F7 2869 0.114 19432 0.77 2929 0.116
F8 4301 0.106 29048 0.715 7299 0.180
F9 3804 0.134 20624 0.727 3942 0.139
F10 2694 0.097 19456 0.697 5748 0.206
Average(%) 0.11 0.75 0.14
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Supplemental Document S1: Outline of Protein Extraction Work Flows for the Direct Method
and Modified NaOH+SDS Method.
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~ supernatant
=8 = =8 g
Dry grinding Add lysis buffer Wet grinding Heating Add new
> > » > » -
(0.2 mol/LNaOH, 1% SDS,2% BME) 30min@90°C % “ lysis buffer to
> left over hair
5-cm hair residue
in a bead-tube Bead Mill
Repeated 3 times
Pellet
Pooled > | Acetone precipitation | > | Sample loading buffer
supernatant
- » | In_gel digestion
Left over . | Sample loading buffer |
hair debri

SDS-PAGE

Supplementary Document S1. Work flows of the Direct method and modified NaOH+SDS

method are 1llustrated.
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Supplementary Document S2:
GN=KRT31: Keratin, type I cuticular Hal OS=Homo sapiens

From Library (100%) and Sequest (97.6%):

GN=KRT32: Keratin, type I cuticular Ha2 OS=Homo sapiens
From Library (54.2%) and Sequest (49.6%):

MTSSCCVTNN LOASLKSCPR PASVCSSGVN CRPELCLGYV CQPMACLPSV CLPTTFRPAS CLSKTYLSSS

CQAASGISGS MGPGSWYSEG AFNGNEKETMNQFLNDRLASY LTRVROLEQEINAELESRIQEVASHSOVLTME
EDYQSHFRTI EELQOKTLCT K:Z![AEMVVN IDNAKLAADD FRAKYEAELA MRQLVEADIN GLRRILDDLT
ECRADEEAQVIESTKEETNCEIKKNHEREVGSIER 01 - ENNTEVDARBBVDIETR L nEVRC OYEAUVEANR
RDVEEWFNMQ MEELNQQVAT SSEQLONYQS DIIDLRREVNITLEIELOAQHISLRDSLENTLITESEARYSSQ
EAQOMOCMITNI VEAQLARIR” DLERONOEYQOIVLLDVRARLENGEINTYRSLL ENEDCKLPCN PCSTPSCTTC

VPSPCVPRTV CVPRTVGMPC SPCPQGRY

GN=KRT33A: Keratin, type I cuticular Ha3-1 OS=Homo sapiens
From Library (97.0%) and Sequest (93.3%):
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GN=KRT33B: Keratin, type I cuticular Ha3-II OS=Homo sapiens
From Library (97.0%) and Sequest (93.6%):

GN=KRT34: Keratin, type I cuticular Ha4 OS=Homo sapiens
From Library (86.0%) and Sequest (83.9%):

MLYAKPPPTI NGIKGLORKE RLKPAHIHLQ QLTCFSITCS STMSYSCCLPISLGCRTSCSSIRPCVPPSCHG
YTLPGACNIP ANVSNCNWEC EGSFNGSEKE TMQFLNDRL: ©YLIi/QLE RDNAELEKLI QERSQOQEPL
LCPSYQSYFK TIEELQOKIL CAKAENARLV VNIDNAKLAS DDFRSKYQTE QSLRLLVESD INSIRRILDE
LTLCKSDLES QVESLREELT CLKKNHEEEV NTLRSQLGDR LNVEVDTAPT VDLNOVENET RSOYEALVET
NRREVEQWFA TQTEELNKQV VSSSEQLQSC QAEIIELRRT VNALEIELOA QHNLRDSLEN TLTESEAHYS
SQLSQVQSLI TNVESQLAEI RCD'7RQNQE YQVLLDVRAR LECEINTYRS LLESEDCKLP CNPCATTNAS
ENSCERCETSIORGCCN

GN=KRT35: Keratin, type I cuticular HaS OS=Homo sapiens
From Library (91.0%) and Sequest (86.4%):

VALHTFAGE SSGSLKSPGG ASGGSTRVSA MYSSSSCKLP SLSPVARSFS ACSVGLGR': /FATSCLEAL
CLPAGGFATS YSGGGGWFGE GILTGNEKET MQSLNDRIG V"FF7QLEQ ENASLESRIR EWCEQOVEYM
GEDYQSYFRT IFRLOKKTLC SKAFNAREVVIEIDNAKEAAD!DFRIKYETEVISLROLVESDENGLRRILODE
TLCKSDLEAQ VESLKEELLC LKKNHEEEVN SLR"01C°RL NVEVDAAPBV DLNRVLCZiR CQYETLVENN
F"DAEDWLDT QSEELNQQVV SSSEQLOSCQ AEITELRRTV NALEIELQAQ HSMRDALEST LAETEARYSS
QLAQMOCMIT NVEAQLAETR 7 "RONQEY QVLLDVRARL ECEINTYRGL LESEDSKLEC NECAEDYSPS
X SCLECLPAAISCGBSAAR " C:PRBICVECIBGGRr
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GN=KRT36: Keratin, type I cuticular Ha6 OS=Homo sapiens
From Library (60.8%) and Sequest (49.3%):

MATQTCTPTF STGSIKGLCG TAGGISRVSS IRSVGSCRVBNSLAGAAGYISNSARSGLSGLG SCLPGSYLSS
ECHTSGFVGS GGWFCEGSENIGSEKETMOFLIUNDRLANYLEK VRQLERENAE LESRIQEWYE FQIPYICPDY
QSYFKTIEDE OOKILLTKSE NARLVLQEDNIAKEARDDERTIKYETELSIRONEVEADINGER RIZDELTECK
BDIEAQVEST REELMCLKXNIHEEEVSVERC QLGDRENVEVIDAAPPVDLNK ILEDMRCQYE ALVENNRRDV
EAWFNTQTEE LNQQVVSSSE QLQCCQTEII ELRRTVNALENIELOAQOHSMR NSEESTLAETEARYSSOLAQ
HOCETSNVEANQESETRCDL: ~QNQEVOVEENDVE: - EECETIATYRHEEEGEIDCR P rOPCE TACKPVIRVE
SVPPVPCVPSIVBCTPAPOVGITQIRT ITEET RDGKVISSRE HVQSRPL

GN=KRT37: Keratin, type I cuticular Ha7 OS=Homo sapiens
From Library (43.0%) and Sequest (34.7%):

MTSFYSTSSC PLGCTMAPGA RNVFVSPIDV GCQPVAEANA ASMCLLANVAWHANRVRVGST PLGRPSLCLP

PTSHTACPLP GTCHIPGNIG ICGAYGKNTL NGHEKETMKF LNDRLANYLE KVRQEEQENAWELETTLLERS

KCHESTVCED v0SYFRETEENEQORIEESK: ©a-GIVOIDINAKGARDDRR IK1CSERSLH QLVEADKCGT
OKLLDDATLA ¥ADEERQQESNEREEQUSIKS NHEQRVKILR SOLGEK:REENEDEBBEEDENNRYGEMRAQY

EAMVETNHQOD VEQWFQAQSE GISLQAMSCS EELQCCQSEI LELRCIVNALNEVEROAQHTL KDCLONSLCE

REDRYGTELANQHOSTTSNLENEQUSETR 01, ©~QNQEVOVENEDVE - EENENTATYRL =5 EDCKLPCNEC

STPASCTSCP SCGPVTGGSP SGHGASMGR

GN=KRT38: Keratin, type I cuticular Ha8 OS=Homo sapiens
From Library (61.2%) and Sequest (51.3%):

MTSSYSSSSC PLGCTMAPGA RNVSVSPIDI|GCOPGAEANIAPMCLLANVAIHANRVRVGST PLGRPSLCLP
PTCHTACPLP GTCHIPGNIG ICGAYGENTL NGHEKETMOEWLNDRLANYLE KVROLEQENANELEATLLERS
KCHESTVCEDI¥OSYFHTTEENEOORTECSK . 2 EIVOIDINAKEARDDER 1KLESERSLR OLVEADKCGT
QOKLLDDATLA KADLEAQQOESVLKEEQLSLKS NHEQEVKILR SQLGEKLRIENLDIEPTIDLNURYLGEMREQY
EAMEETNROD VEQWFQAQSE GISLQDMSCS EELQCCQSEI LELRECTVNALWEVEROAQHTL KDCLONSLCE
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REDREGTELANOVOSLISNVENEQUSETR 0. ¢~ QNOBYOVEIEDVKTREENENTATYR) [ L55 EDCKLECNEC
STSPSCUTAP ChPRPSCOPCIETCCPICGASITIGSAF

GN=KRT81: Keratin, type II cuticular Hb1 OS=Homo sapiens
From Library (96.2%) and Sequest (91.9%):

VICGSGRGGR AFSCISACGR ! REGROCTTARIPYRG 5 R/ LIGERGSHSVICEGRRACSCG RSFCYREEEY
QYDDIVIRSR AEAESWYRSK CEEMKATVIR {CiTLRRTKE EINELNR'I( RLTAEVENAK CONSKLEAAV
IGAVNVCVSS SRGGVVCGDL CVSGSREVIG SVCSARCNG AVETSICAP "GQLNTTCGG GSCGVGSCGI
SSLGVGSCGS SCR¥"

GN=KRT82: Keratin, type II cuticular Hb2 OS=Homo sapiens
From Library (63.4%) and Sequest (49.9%):

MSYHSFQPGS RCGSQSFSSY SAVMPRMVTH YAVSKGPCRP GGGRGLRALG CLGSRSLCNV GFGRPRVASR

CECTLECFCY RICATCCSAICTTPVITNES I LEVEALETDIBTVOR KD KEQTKCLNNR FASFINKVRE
LEOKNKLLET KWNFMOOOKCHCQTNTEBTFENCY TSAL - L DCVSCDRVRE ESELCSTOAA LECYKK  YER
ELSLRECVEN EFVALKKD!D 14:V/ADLE TNAEALVQET DFLKSLYEEE ICLLQSQISE TSVIVKIL!S
REEDVDGITANEIRAQYDDIA SRSKAEAEAWIYOCRYEELRVITAGNHCDNLR NRKNEILEMN KLIQRLQQET
SNVKAORCKL EGATAEAEQQ GEAALNDAK: FLAGLEEALQ KAKQDMACLL KEYQEVMNSK LGLDIEIATY

RRELEGEEHRILCEGIGPVNI SVSSSKGAFL YEPCGVSTPV LSTGVLRSNG GCSIVGTGEL YVPCEPQGLL

SCGSGRKSSM TLGAGGSSPS HKH

GN=KRT83: Keratin, type II cuticular Hb3 OS=Homo sapiens
From Library (97.0%) and Sequest (87.2%):

MTCGENSIGC GFRPGNFSCV SACGPRPSRCNCITAAPYRGI SCYRGLTGGEIGSHSVCGGER AGSCGRSFGY
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AEIKAQYDDI ATRSRAEAES WYRSKCEEMK ATVIR:CETL RTKEEINEL NRI(RLTAE VENAKCQNSK
RLCEGVEAVN VCVSSSRGGV VCGDLCVSGS REVIGSVCSA BCN' 1727 ©7CKPCGQLN TTCGGGSCGO
o

GN=KRT84: Keratin, type II cuticular Hb4 OS=Homo sapiens
From Library (12.7%) and Sequest (11.2%):

MSCRSYRVSS GHRVGNFSSC SAMTPQNLNR FRANSVSCWS GPGFRGLGSF GSRSVITFGS YSPRIAAVGS
RPIHCGVRFG AGCGMGFGDG RGVGLGPRAD SCVGLGFGAG SGIGYGFGGP GFGYRVGGVG VPAAPSITAV
TVNKSLLTPL NLEIDPNAQR VKKDEKEQIK TLNNKEASELNDKVRELEQONIKLLETKWSFL OEQKCIRSNL
EPLFESYITN LRRQLEVLVS DQARLQAERN HLQDVLEGFK KKYEEEVVCR ANAENEEVALIKRDVDAAEMN
KSDLEANVDT LTQEIDFLKT LYMEEIQLLQ SHISETSVIV KMDNSRDLNL DGIIAEVKAQ YEEVARRSRA
DAEAWYQTKY EEMQVTAGQH CDNLRNIRNE INELTRLIQR LKAEIEHAKA QRAKLEAAVANEAEQQGEATL
SDARCKLADL ECALQQAKQD MARQLCEYQE LMNAKLGLDINEIATYRRLLE GEESRLCEGV GPVNISVSSS
RGGLVCGPEP LVAGSTLSRG GVTFSGSSSV CATSGVLASC GPSLGGARVA PATGDLLSTG TRSGSMLISE

ACVPSVPCPL PTQGGEFSSCS GGRSSSVREV STTTSCRTKY

GN=KRT8S5: Keratin, type II cuticular HbS OS=Homo sapiens
From Library (96.8%) and Sequest (89.4%):

uSCRS YR ESSIGEGVIRNESS ICSAVAPKIGNIRCCISARBYR GVSCYRGLIG roSRSEONLGISCERRIAYCG
FRAGGCGROT GYRSGGVCGR SPECITTVSV NESLLTPLNL EIDENAQCVK QEEKEQTKSL NSRFAAFIDK
DNSRDLNMDC IIAEIKAQYD DVASRSRAEA ESWYRSKCEE MKATVIRHCE TLFRTKEEIN ELNR(/ICFLT
PRSSSESCGSISR: R r2

Journal of Forensic Sciences
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GN=KRT86: Keratin, type II cuticular Hb6 OS=Homo sapiens
From Library (99.2%) and Sequest (92.4%):
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Supplementary Document S2: Amino acid sequence highlighted in green indicates peptide
identified with high confidence (FDR at 1% level) by Sequest and library searching; in yellow
indicates peptide identified with high confidence by library searching only. This sheet is sorted
by type I cuticular keratins (from KRT31 to KRT38) and type II cuticular keratins (from KRT81
to KRT86). The coverage analyses were combined from all ten gel fractions.
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: Example GVP Panel Analysis
: (D_LG_F1_TO F10 R1)

39 Journal of Forensic Sciences
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Outlines:
- GVP Panel Analysis Overall
- Left: Names and sequences of total 14 GVPs and non-variants
- Right: Highest abundance in each fraction of “D_LG_F1 _TO_F10 R1”
High Abundance GVP pairs
- Type | example
- Type Il example
Check Low Abundance GVPs
- Check spectral match
- MS Search: search inquiry spectrum against library spectra
- Check MS1 peak
- Xcalibur Qual Brower
Check Low Abundance Regular Forms (if applicable)
- Check spectral match
- MS Search: search inquiry spectrum against library spectra
- Check MS1 peak
- Xcalibur Qual Brower
Summary Sheet

Journal of Forensic Sciences
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u
o

Published_GVPs
DSP_R1738Q_Q
GSDMA_V128L_L
KRT31_A82V_V
KRT32_S222Y_Y
KRT33A_A270V_V
KRT33B_V279L_L
KRT35_P443A_A
KRT35_S36P_P
KRT81_S13R_R
KRT82_T458M_M
KRT83_G3625_5
KRT83_I279M_M
KRTAP10-8_H26R_R
TGM3_T13K_K

GVP’s_non_variant_form

DSP_R1738Q_R
GSDMA_V128L_V
KRT31_AS2V_A
KRT32_S222Y_S
KRT33A_A270V_A
KRT33B_V279L_V
KRT35_P443A_P
KRT35_S36P_S
KRT81_S13R_S
KRT82_T458M_T
KRT83_G3625_G
KRT83_1279M_|
KRTAP10-8_H26R_H
TGM3_T13K_T

Sequence
GOSEADSDKNATILELR
ALETLQER

DNVELENLIR
ADLEAQVEYLK
QVVSSSEQLQSYQVEIELR
TLNALEIELQAQHNLR
TNCSARPICVPCPGGR
VSAMYSSSPCK
(R)CISACGPR
GAFLYEPCGVSMPVLSTGVLR
LEAAVAQSEQQSEAALSDAR
DLNMDCMVAEIK
TYVIAASTMSVCSSDVGR
AALGVQSINWQK

Sequence
(R)SEADSDKNATILELR
ALETVQER

DNAELENLIR
ADLEAQVESLKEELMCLK
QVVSSSEQLQSYQAEIIELR
TVNALEIELQAQHNLR
TNCSPRPICVPCPGGR
VSAMYSSSSCK
AFSCISACGPR
GAFLYEPCGVSTPVLSTGVLR
LEAAVAQSEQQGEAALSDAR
DLNMDCIVAEIK
TYVIAASTMSVCSSDVGHVSR
AALGVQSINWQTAFNR

Journal of Forensic Sciences

Type | example

Variant Highest log10 Abundance
1 2 3 4 5 6 7
St Ea DSP GSDMA KRT31 KRT32 JKRT33A |KRT33B KRT35
- R1738Q_Q V128L L AS2V_V  S222Y.Y | A270vV_V | V279L L P443A_A
F1 8.452 10.847 9.625
F2 11.154 10.109
F3 11.31 10.265
F4 Checked 11.52 10.475
F5 11.169 10.105
F6 11.45 10.089
F7 12.001 (6.5 11.004
F8 11.292 10.497
F9 10.761 10.085
F10 10.949 9.606
> Checked
Non-variant Highest log10 Abundancg
1 2 3 4 5 6 7
Sfret Sarr DSP GSDMA KRT31 KRT32 JKRT33A |KRT33B KRT35
- R1738Q_R V128L V AS2V A  S222Y S | A270v_A | v279LV P443A_P
F1 11.256 11.17 |11.738
F2 8467 11.522 11.564 |12.085
F3 11.646 11.665 |12.186
F4 11.829 8.219 |11.925 |12.408
F5 Checked 11.52 11.557 | 12.027
F6 11.654 9.1 |11.715|12.172
F7 12.34 |12.321 | 12.83
F8 11.667 | 8.88 |11.831 |12.191
F9 11.107 |7.892 |11.364 |11.767
F10 Journalof]F’Lo'rzeﬁnﬂ:}sicScience;m'gs8 11.41
” Checked

8

KRT35
S36P_P
8.628
8.913
9.177
9.431
8.903
9.653
9.247
8.916
8.776
8.748

8
KRT35
S36P_S
5.682
8.091
7.801
8.136
7.887
9.152
8.793
7.39
7.963

9

KRT81
S13R_R
9.12

9.353
9.584
9.835
9.607
10.112
9.291
9.412
9.421
9.725

9

KRT81

S13R_S

10.928
11.123
11.379
11.468
11.352
11.878
11.191
11.159
11.065
11.356

10

KRT82
T458M_M

10
KRT82
TAS8M_T

11

KRT83
G3625_S
7.349

7.812
7.809
8.903

9.117
9.127
7.963

11

KRT83
G3625_G
11.625
11.791
11.903
12.109
11.951
12.432
11.923
11.655
11.446
11.033

Type Il example

12

KRT83
1279M_M
9.715
9.966
10.196
10.506
10.142
10.71
10.294
10.108
9.601
8.916

12

KRT8&3
1279M_|
10.048
10.268
10.508
10.765
10.432
10.924
10.428
10.342
9.959
9.315

13 14

KRTAP10-8 TGM3

H26R_R T13K_K

8.22

8.415

8.729

9.429

9.605

9.115

9.248

2815/ 9.085
Checked

13 14

KRTAP10-8 TGM3

H26R_H T13K_T
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High Abundance GVP pairs
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Type | example

KRT33A RT

DireCt_Scm A270V_V QVVSSSEQLQSYQVEIIELR/3_0

F1 9.625 162.2
F2 10.109 161.7
F3 10.265 161.1
F4 10.475 160.5
F5 10.105 160.4
F6 10.089 155.1
F7 11.004 157.7
F8 10.497 156.8
F9 10.085 156.7
F10 9.606 155.3

, KRT33A RT

DlreCt_Scm A270V_A QVVSSSEQLQSYQAEIIELR/3_0

F1 11.17 160.5
F2 11.564 160.0
F3 11.665 159.2
F4 11.925 158.7
F5 11.557 158.6
F6 11.715 152.5
F7 12.321 155.1
F8 11.831 154.2
F9 11.364 154.3
F10 10.968 152.8

MF

935
938
942
938
869
607
803
813
906
792

MF

902
897
796
892
904
900
900
903
908
910

Journal of Forensic Sciences

Type | example, also shown in Figure 2A

14 |
. |
T .,
3 I
0 11
< I
o 10
= I
oo 9
© I

1 2 3 4 5 6 7 8 9 10

KRT33A A270V_V QVVSSSEQLQSYQVEIIELR/3_0
—o— KRT33A A270V_A QVVSSSEQLQSYQAEIIELR/3_0

Fractions

Journal of Forensic Sciences
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1
2
3 Direct_5cm
4

KRT83

1279M_M DLNMDCMVAEIK/2_3/4,M,0Oxidation/6,C,Carbamidomethyl/7,M,Oxidation
5F1 9.715
6F2 9.966
7F3 10.196
8F4 10.506
s 10.142
III)G 10.71
157 10.294
168 10.108
189 9.601
1610 8.916
16
17 KRT83
18 Direct_5cm
19 1279M_| DLNMDCIVAEIK/2_2/4,M,0xidation/6,C,Carbamidomethyl
261 10.048
oh2 10.268
263 10.508
28B4 10.765
245 10.432
2P6 10.924
§€7 10.428
2@8 10.342
269 9.959
3610 9.315
31
32
33
34
35
36
37
38
39
40

41

RT

104.8
103.5
103.3
102.1
101.2
91.6
95.5
93.5
94.6
93.1

RT

137.2
135.7
134.1
134.2
134.2
124.8
128.6
127.2
128.4
125.8

Journal of Forensic Sciences Page 110 of 134

MF

813
802
829
847
819
792
853
807
873
349

MF

887
909
865
891
818
921
895
885
931
887

Type Il example, also shown in Figure 2B

12 |

11

Ee) |
c 10

= I
o)

< I

N 9

o

S I
(o]0)]

O 3 I

1 2 3 4 5 6 7 8 9 10

KRT83 1279M_M
DLNMDCMVAEIK/2_3/4,M,0Oxidation/6,C,Carbamidomethyl/7,M,Oxidation

—&— KRT83 1279M_| DLNMDCIVAEIK/2_2/4,M,Oxidation/6,C,Carbamidomethyl

Fractions
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: Check Low Abundance GVPs
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KRT32_ $222¥ro¥nADEEAQVEYLK

in Fraction 7

‘hold’ to be confirmed

Page 112 of 134

@ $» & EI (1. Scan:B0423 RT:120.229 PrecursoiSe ~ | % & @ @
pe——
i Sre Name P €52 3907 Name: Scan:60423 RT:120.229 PrecursorScan 91]392? nMSN:51126 Monaiso PriM ZromBaw UDDDD PrecursorCharge: 2 -
£ : 3 | 1o i PrecursorScanFTMS: 1 FTResolution: 30000 [BP:384007.38 | Tot: 7777480.13 max2med:53.86 InjTime:29.63 HCD=
1 A Scan:53151 RT:107 326 PrecursorScan:531237 nMSN: 45045 Monoiso PriMZromRaw:0.0000 PEPMASS:Replaced:1 PrecursorCharge:2 PrecursorScan— 30.00% lsolationMZ:635.8347 PrecursorAb 0.00 MPY:1.00 ms1Precursor TotAb: 54809212072 45
2 A Scan:44890 RT:107.354 P Scan-448707 nMSN:35436 MonoisoPrMZfromRaw:0.0000 PEPMASS:Replaced:1 P Chi AR S, ma 1Precursorinj Time 0.07 ms15elMZ:639.2972-640 3722 ms15elAvgMZ 639 6256 ms15elRmsMZ:0 1443
o~ S s ?n ono!so s S Bier ey ) PrecursorHasMax: 1, Found Shifted Precursor ms1PrecursorAb: 10688093.98 ms 1PrecursorMaxc48488034.00
3 A Scan:42558 RT:108.647 PrecursorScan: 425517 nMSN: 32556 Monoiso PrMZromRaw:0.0000 PEPMASS:Replaced:1 PrecursorCharge:3 PrecursorScan P rumOCMF 79.79.-3.2 PrecursorMaxdMZ 639
4 A Scan:48%67 RT:107.425 PrecursorScan:483557 nMSN: 39876 Monaiso PriZfromRaw:0.0000 PrecursorCharge:3 PrecursorScanFTMS:1 FTResolution:3 = 350.4700 MW N/A [DE: 235 DB: Text File
5 A Scan:45206 RT:107.842 PrecursorScan:451957 nMSN: 35744 MonaisoPrMZiromRaw:0.0000 PEPMASS: Replaced:1 PrecursarCharge:3 PrecursorScan 50 2141183 Camment: &aEe=2 Parent=633 8347
2 : 2 % - 2 i i 10 largest peaks:
& A Scan:21042 RT:72.132 PrecursorScan: 210407 nMSN: 12278 Monms‘nPrMEmmRaw 00000 PrecursorCharge: 2 PrecursarScanFTMS: 1 FTResolution: 30 9795127 5“ 3907 999.00] 640.8478 72913 850.4700 514.26] 214.1193 469.03 | §59.3936 405.13
7 A Scan:55647 RT:104.948 PrecursorSean:556277 nMSN:48360 Manciso Pri ZromRaw:0.0000 PEPMASS:Replaced:2 PrecursorCharge 2 PrecursorScan 462.2685 979 5127 299.993] 201.1240 286 70] 6393378 26555 | B51.4734 24534 | 4629685 23786
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§VP sites are summarized from all 10 fractions:

3 Asian 1hair 5 DSP GSDMA KRT31 KRT32 KRT33A  KRT33B KRT35 KRT35 KRT81 KRT82 KRTS3 KRT83  KRTAP10-8 TGM3
4 sian_1hair_5cm

s R1738Q_Q V128L_L  A82V.V  S222Y.Y A270V.V V279L_L P443A_A S36P_.P  S13R_.R T458M_M G362S_S [279M_M H26R_R  T13K_K
6_LG_F1_TO_F10_R1 X X P* X X X X X X X

note for “?”: It means we cannot confirm its identification at this time with a borderline intensity and lack o peak. However, some of the major peaks still match well and it showed up from the expected fraction. For suc
*f te for “?”: It t confirm its identificati t this ti ith a borderline intensity and lack of MS1 k.-H f th j ks still match well and it sh dupf th ted fraction. F h
case, we put “hold” to be confirmed.

10

11

2 e Analyses above led to several general findings:

1 = High abundance GVP analysis is very convincing —

16 v" with its regular non-variant form presenting in all 10 fractions

s v with convincing nistms_metrics information:

o % Abundance (log10)

2! ** Match Factor (MF)

2 +** Retention Time (RT)

25 = Low abundance GVP analysis is harder, but confidence can be increased by at least one of the following —
2 v’ from expected gel bands (based on molecular weight of its protein)
i v’ with the presence of its regular non-variant form

i v" with convincing nistms_metrics information:

2 “* MF

34 s RT

3 < MS1 Peak

37
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Supplemental Document S4
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Supplementary Document S4. Distribution of DeltaMass values obtained from hybrid search

identifications of hair-derived peptides (hair shaft length of 5 cm) extracted by the cleavable
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surfactant (red), NaOH+SDS (green), and direct (blue) method above a spectral match score

10 threshold of 500. The major labeled peaks in each panel are correspond to those in Table 5.
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Reviewer(s)' Comments to Author(s):
Reviewer: 1

Comments to the Author

This manuscript, which contains much valuable information, is improved. However, some fundamental
conceptual problems remain. The authors need not defend these inaccuracies, since they are not the
central focus of the manuscript, providing they are openly acknowledged. The manuscript should be
recast to emphasize what can be done with the gel approach without trying to present this as a general
method for hair proteomic analysis. That the manuscript has strong aspects in its present form will not
exonerate it from misleading other investigators on this point.

1. The estimate of a maximal 75% yield of protein from hair shafts using their treatment method is
welcome. Their observation that an “inability to digest substantial portions of the proteome is
common” is well taken, but this is highly method dependent, a take home lesson of the manuscript.
Moreover, the statement that “we find no reason to assume that such crosslinked, insoluble material
might yield undetected GVPs” is at variance with the literature they cite (ref 7) and appears to be an
ignorance is bliss approach. That the crosslinked material is readily digestible with trypsin (90%
solubilized) and contains a wealth of identifiable nonkeratin and keratin proteins was reported well over
a decade ago. Since, by analyzing only the proteins solubilized from the hair shaft, the authors are
focusing on keratins, the title should be modified to “Sensitive Method for the Confident Identification
of Genetically Variant Peptides in Human Hair Keratin”.

Response to reviewer’s comment 1: We thank the reviewer’s comment. We followed the reviewer’s
suggestion to change the sentence to “In case 1 and 2, substantial portions of the hair undigested
although it is method dependent” on page 9 to make it clearer. We added a sentence “According to
reference 7, the insoluble, crosslinked portion has a higher content of non-keratin proteins and may
contain additional non-keratin-GVP identifications” on page 12 to clarify this point. We also followed the
reviewer’s suggestion to modify the title to “Sensitive Method for the Confident Identification of
Genetically Variant Peptides in Human Hair Keratin” on title page (separated from the main document)
and all the related places if the title is mentioned to better indicate that we are mainly focusing on hair
keratins in this manuscript.

2. The authors counter the critical opinion above by pointing out that the solubilized proteins appear to
contain some cross-linked material. They suggest on this basis that “the insoluble, crosslinked, portion
of the hair protein may not contain additional GVP identifications.” This supposition is totally
unwarranted because the cross-linked material has a much higher content of nonkeratin proteins, some
of which are found only there. Other laboratories digesting the entire hair shaft report GVPs in
numerous proteins enriched in the insoluble crosslinked fraction.

Response to reviewer’s comment 2: We agree with the reviewer’'s comment and changed the sentence
to “the insoluble, crosslinked portion of the hair protein may not contain additional keratin-GVP
identifications” on page 12 to clarify it. As mentioned above, we also added a sentence “According to
reference 7, the insoluble, crosslinked portion has a higher content of non-keratin proteins and may
contain additional non-keratin-GVP identifications” on page 12 to make it clearer.
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